The University of Maine

DigitalCommons@UMaine
Electronic Theses and Dissertations

Fogler Library

5-2010

Land Use Planning and Vernal Pool Conservation
in a Southern Maine Town
Robert Carlton Freeman

Follow this and additional works at: http://digitalcommons.library.umaine.edu/etd
Part of the Terrestrial and Aquatic Ecology Commons, and the Zoology Commons
Recommended Citation
Freeman, Robert Carlton, "Land Use Planning and Vernal Pool Conservation in a Southern Maine Town" (2010). Electronic Theses and
Dissertations. 358.
http://digitalcommons.library.umaine.edu/etd/358

This Open-Access Dissertation is brought to you for free and open access by DigitalCommons@UMaine. It has been accepted for inclusion in
Electronic Theses and Dissertations by an authorized administrator of DigitalCommons@UMaine.

LAND USE PLANNING AND VERNAL POOL CONSERVATION
IN A SOUTHERN MAINE TOWN
By
Robert Carlton Freeman
B.A. Wofford College, 1993
M.S. University of Maine, 1998

A THESIS
Submitted in Partial Fulfillment of the
Requirements for the Degree of
Doctor of Philosophy
(in Ecology and Environmental Science)

The Graduate School
The University of Maine
May 2010
Advisory Committee:
Dr. Kathleen P. Bell, Associate Professor of Resource Economics and
Policy, Advisor
Dr. Kate Beard, Professor of Spatial Information Science Engineering
Dr. Aram J. K. Calhoun, Associate Professor of Wetlands Ecology
Dr. Cynthia S. Loftin, Associate Professor of Wildlife Ecology
Dr. Steven A. Sader, Professor of Forest Resources

LAND USE PLANNING AND VERNAL POOL CONSERVATION
IN A SOUTHERN MAINE TOWN

By Robert Carlton Freeman
Thesis Advisor: Dr. Kathleen P. Bell

An Abstract of the Thesis Presented
in Partial Fulfillment of the Requirements for the
Degree of Doctor of Philosophy
(in Ecology and Environmental Science)
May 2010

In this dissertation I investigate the impacts of both growth management
regulations and vernal pool protection regulations on landscape permeability for wood
frogs (Rana sylvatica), a vernal pool-obligate species. Motivated by new legislation in
Maine (USA) to protect vernal pools and the species that depend on them, I combined a
spatially-explicit economic model of the conversion of undeveloped parcels to residential
use with a landscape permeability model for wood frogs. I estimated the economic
model using a Bayesian Gibbs Sampler to account for spatial error dependence and used
the results to predict future landscape patterns in a focal town, Falmouth, Maine, under
different growth management and vernal pool buffer policies. Through a series of
simulated vernal pool distributions, I also examine the importance of the degree of
clustering of pools on the effectiveness of pool buffers. I also produced buildout
scenarios for the focal town assuming cluster zoning and conservation zoning. I analyzed
each of these predicted landscapes using the landscape permeability model to assess the
resulting functional connectivity of the future landscapes at three scales based on the life

cycle of wood frogs. Specifically, I examined connectivity between breeding pools,
between breeding pools and non-breeding habitat, and between clusters of breeding
pools.
The results suggest that vernal pool buffers offer moderate protection at the
breeding pool level but less protection to amphibians migrating beyond breeding pools.
Open space requirements in subdivisions also appear capable of improving permeability
for migrating amphibians, but they are generally less effective than breeding pool buffers.
Nonetheless the differences in permeability across different levels of open space and the
interaction between buffers and open space requirements suggest that different land use
planning and open space policies may alter the effectiveness of buffer zones across space
and across jurisdictions. The results suggest the need for a multi-scale approach to poolbreeding amphibian conservation and point to conservation zoning as a promising multiscale approach.
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Chapter 1
THE INTERACTION BETWEEN VERNAL POOL BUFFERS AND OPEN
SPACE POLICIES IN AN URBANIZING LANDSCAPE

1.1. Abstract
Increasingly land use planners are struggling to balance demands for residential
growth and environmental quality. One particular aspect of environmental quality of
interest to many is connectivity of wildlife habitat. Motivated by new legislation in
Maine, U.S.A. to protect vernal pools, which serve as breeding habitat for several
obligate species, this paper examines the interaction between vernal pool buffers and
open space requirements in subdivisions in an urbanizing landscape. Terrestrial buffer
zones around vernal pools are intended to protect critical breeding habitat for pooldependent species. Open space is commonly required in new subdivisions for a variety
of reasons, one of which is often to provide habitat for wildlife. We examine the
performance of terrestrial buffers at protecting connectivity between required habitat
elements for wood frogs {Rana sylvatica), a vernal pool obligate species, as well as the
sensitivity of this performance to varying levels of open space requirements for new
subdivisions. We also examine the degree to which the clustering of pools affects our
results through a series of simulations. We use a parcel-level discrete choice economic
model of land use change to predict future landscapes under varying levels of open space,
both with and without vernal pool buffers. The land use model is estimated using a
Bayesian Gibbs Sampling routine to account for spatial autocorrelation. Each predicted
future landscape is then analyzed in a landscape permeability model for wood frogs to
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assess the degree of connectivity between breeding pools and between breeding and nonbreeding habitat. The results suggest that vernal pool buffers are only somewhat
effective at protecting either breeding habitat or key migration routes between breeding
and non-breeding habitat. Increasing amounts of open space do little to protect breeding
habitat but may enhance the effectiveness of terrestrial buffers, especially at protecting
connectivity between breeding and non-breeding habitat. The degree to which pools are
clustered, which can vary widely across regions, appears to be an important consideration
in the performance of buffer-based conservation policies.

1.2. Introduction
Many amphibians have complex life cycles, requiring access to ponds or wetlands
for breeding and to terrestrial habitat for the non-breeding season (Semlitsch, 1998).
Preservation of wetlands therefore protects only a portion of the required habitat for most
amphibians. As a result, some researchers have suggested that fragmentation of habitat is
a particularly serious concern for amphibians (Pough et al., 1998; Vos and Chardon,
1998; Kolozsvary and Swihart, 1999; Lehtinen, et al., 1999; Cushman, 2006; Hamer and
McDonnell, 2008; Pillsbury and Miller, 2008; Dixo et al., 2009). Roads (Fahrig et al.,
1995; Carr and Fahrig, 2001; Glista and DeVault, 2008) and urban development (Delis et
al., 1996; Houlahan and Findlay, 2003; Riley et al., 2005; Gagne and Fahrig, 2007), for
example, have been found to impact amphibian populations negatively. Vernal poolbreeding amphibians may be particularly at risk, as most vernal pools are too small to
meet the minimum size criteria of typical size-based wetland regulations (Preisser et al.,
2000; Snodgrass et al., 2000; Calhoun et al., 2005). Vernal pools are typically small,
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seasonal wetlands that dry out periodically and thus do not support populations of
predatory fish. As a result, many species of amphibians have evolved to breed in these
pools. This paper combines an economic model of land conversion with a landscape
permeability model for wood frogs (Rana sylvatica) to assess: 1) the effectiveness of a
buffer-based regulatory approach to vernal pool conservation; 2) the effectiveness of
local growth management policies regarding open space at conserving pool-breeding
amphibian populations; 3) the interaction between these two policies; and 4) the degree to
which the clustering of pools affects the performance of these policies.
One common approach to amphibian conservation has been the use of terrestrial
buffer zones around wetlands (Semlitsch, 1998). In the case of vernal pools, such
protections are often limited, applying only in certain cases or in certain areas. For a
vernal pool to be protected under Massachusetts' Wetlands Protection Act, for example,
the pool must lie within, or must itself constitute a jurisdictional wetland (Burne and
Griffin, 2005). In Connecticut, all pools are jurisdictional and the state recommends a
33-meter review area around pools, but specific regulations and enforcement are left up
to each town and vary widely (Preisser et al., 2000). Maine has recently enacted perhaps
the most far-reaching state vernal pool protection effort by implementing legislation to
protect Significant Vernal Pools (SVPs), which are defined by the presence and
abundance of certain indicator species, and 250 feet of their surrounding terrestrial
habitat (Mahaney and Klemens, 2007). While Maine's new legislation does offer some
protection within 250 feet of SVPs1, pool-breeding amphibians regularly migrate well

1
Technically Maine's new law does not prohibit development within this 250-foot zone, but rather requires
a permit. As a first investigation into the possible effectiveness of the law, we have treated it as a true
protective buffer zone, thus assuming the law is as effective as possible. Thus our modeling reflects an
optimistic prediction of the effectiveness of the new law.
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beyond this distance. The composition and configuration of the nearby landscape is
therefore critical to their success. One key issue addressed in this paper is the likely
effectiveness of this 250-foot terrestrial buffer.
Motivated by concerns over the loss of open space or the desire of residents to
live near undeveloped land, many communities require or recommend open space as part
of new subdivisions. Among the amenities provided by open space are recreational
opportunities, aesthetic values, preservation of rural character, water quality protection,
and wildlife habitat. While some of these values are captured in market prices, some of
these amenities provide what economists call positive externalities. Positive externalities
are those benefits from open space that are not captured in land prices because they either
are not valued by the real estate market or because they accrue not to the landowner who
purchases a parcel, but to adjacent landowners and land users. For example if open space
within a subdivision benefits wildlife that is valued by people outside the subdivision,
those benefits are not captured in the sales price of parcels within the subdivision. As a
result the true social value of the open space is greater than the market value, so open
space is provided at a suboptimal level by the free market. In such cases, some level of
government provision or mandate for open space may be justified.
Several recent economic studies examine open space provision within
subdivisions. Hedonic property value studies suggest that open space within or near
subdivisions may increase the value of developed land in subdivisions (Tyrvainen and
Miettinen, 2000; Irwin, 2002; Thornses, 2002; Mohammed, 2006; Hardie et al., 2007;
Kopits et al., 2007; Bowman et al., 2009), but the results are somewhat ambiguous. Irwin
(2002) suggests that landowners may value open space for its lack of development more
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than for its amenities. Tyrvainen and Miettinen (2000) and Thornses (2002) find that
price premia decrease quickly with distance to open space or forest. Similarly Hardie et
al. (2007) find that open space outside the subdivision has no effect on house price.
Kopits et al. (2007) conclude that landowners prefer private lot size over subdivision
open space. Other researchers have examined the impact of open space and other growth
management requirements on land use pattern. McConnell et al. (2006) and Lewis et al.
(2008) find that zoning and open space policies may have ambiguous effects on sprawl.
Similarly, Lichtenberg and Hardie (2007) and Lichtenberg et al. (2007) show that
minimum lot size zoning and forest planting requirements may exacerbate sprawl.
The biodiversity effects, both positive and negative, of suburban and exurban
development are well studied (Theobald et al., 1997; Grimm, 2000; Odell and Knight,
2001; McKinney, 2002; DeStefano and DeGraaf, 2003; Hansen et al., 2005; Chapman
and Reich, 2007). Clustered housing developments with undeveloped open space are
generally assumed to benefit wildlife (Arendt, 1996; Theobald et al., 1997; Odell et al.,
2003), however ecologists have recently begun to question this assumption. Lenth et al.
(2006) find that clustered housing may be no better for biodiversity than large lot
development. In a review of Randall Arendt's book, Conservation Design for
Subdivisions: A Practical Guide to Creating Open Space Networks, Hostetler and Drake
(2009) point out shortcomings in conservation subdivision design and implementation
from the perspective of wildlife.
Undeveloped open space within subdivisions may play an important role in
ameliorating the effects of habitat loss and fragmentation due to residential growth. On
the other hand, open space requirements, by allowing fewer houses to be built on each
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developed parcel, spread development out over more parcels and over a greater
geographic extent, so the net effect of open space requirements on landscape permeability
is ambiguous. We hypothesize that the amount of open space within subdivisions may
itself be an important component of habitat for pool-breeding amphibians and that the
interaction between open space requirements and wetland buffers may be of interest as
well.
In this paper, we use a spatially-explicit micro-level economic model of parcel
conversion to predict future residential housing patterns in our focal town under varying
levels of open space requirements for subdivisions. We examine the functional
connectivity of the landscape for migrating wood frogs for each open space scenario,
both with and without terrestrial buffers around vernal pools. In doing so we examine the
future effectiveness of vernal pool buffers, open space policies, and the interaction
between the two. Economic models of parcel conversion are used frequently by
economists to identify potential drivers of land conversion and to predict future
landscapes (see e.g. Bockstael, 1996; Irwin and Geoghegan, 2001; Irwin et al., 2003;
Carrion-Flores and Irwin, 2004; Newburn and Berck, 2006; Lewis and Plantinga 2007;
Lubowski et al., 2008; Polyakov and Zhang, 2008; Zhou and Kockelman, 2008; Lewis et
al., 2009).
We examine connectivity of the future landscapes using a landscape permeability
model, a method used by ecologists to assess the ability of animals to travel between
required habitat elements while accounting for the intervening matrix (Schippers et al.,
1996; Ray et al., 2002; Singleton et al., 2002, 2004; Joly et al., 2003; Hope et al., 2006).
Our focal species, the wood frog, breeds in vernal pools and has complex habitat
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requirements that are representative of many other amphibian species (Petranka, 1998;
Hunter et al., 1999; Semlitsch, 2000). After breeding, wood frogs typically undergo
overland migrations of over 100 m (Semlitsch and Bodie, 2003; Baldwin et al., 2006) to
summer habitat of moist, forested areas (Vasconcelos and Calhoun, 2004; Baldwin et al.,
2006) and winter in well-drained upland forest (Regosin et al., 2003). Juvenile dispersers
can travel distances exceeding 1000 m and play a critical role in recolonization after a
local extinction and in facilitating genetic exchange (Berven and Grudzien, 1990; Gamble
et al., 2007).Many other amphibian species have similar habitat requirements (Petranka,
1998; Hunter et al., 1999; Semlitsch, 2000), so we consider wood frogs to be an excellent
umbrella species for amphibian habitat and connectivity.
By explicitly modeling the spatial configuration of development and the resulting
impacts on landscape permeability, we hope to contribute to the understanding of the
effectiveness of terrestrial wetland buffers, the effects of residential growth and open
space requirements on landscape permeability for pool-dependent species, and the
interactive effects of these two policies. We suggest that the amount and configuration of
open space in subdivisions, as well as the degree of clustering of breeding pools, may all
be important considerations in the performance of buffer-based conservation efforts.

1.3. Study Area
This study focuses on the town of Falmouth in rapidly growing southern Maine
(see Figure 1.1). Falmouth was chosen because of the existence of both mapped vernal
pool data and parcel-level Geographic Information System (GIS) tax assessment and
zoning data. Falmouth is a rapidly growing, relatively high-income, coastal bedroom
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community adjacent to Portland, the state's largest city. While it offers close proximity
to a major employment center and a desirable coastal location, its inland areas are largely
forested and rural. It is thus
Figure 1.1. Map of Falmouth's location in southern Maine
/

/
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representative of many communities at the rural-urban interface that are experiencing
rapid residential growth in many parts of the country.

1.4. Data
Town officials from Falmouth provided much of the data needed for this work,
including GIS parcel boundaries for the years 1995 and 2005 that could be linked to the
Tax Assessor's database. There were 4,155 parcels in the 1995 layer and 4,964 in the
2005 layer. Falmouth also provided GIS layers for zoning, building footprints,
hydrologic features, roads, and sewer and water infrastructure. The tax assessor's
database included information on ownership, land type, and conservation status, which
was used to determine which parcels were available for development. We acquired other
necessary GIS layers from the Maine Office of GIS (http://megis.maine.gov/catalog/),
8

including soil type, National Wetlands Inventory (NWI) wetlands, an orthophoto, and a
digital elevation model.
Falmouth hired a private consulting firm to conduct an inventory of potential
vernal pools in 2002. The firm acquired 1:12,000 color infrared stereophotos of the
town, and a wetland scientist photointerpreted the image and digitized potential vernal
pools. The firm conducted field verification for a subset of the potential pools in the fall
of 2002 and found a commission error rate of about 9% and an omission error rate of
about 30%. This result was consistent with the firm's vernal pool mapping efforts in
other southern Maine towns, and we used this potential vernal pool layer in our analysis.
Land cover data were needed to calculate some explanatory variables for the
economic models. We used the 1993 land cover map from the Maine Gap Analysis
(Hepinstall et al., 1999) as a proxy for 1996 land cover and the 2004 Maine Land Cover
Dataset (hereafter MELCD) (Smith et al., 2006) as a proxy for 2005 land cover. While
the land cover images do not represent exact temporal matches to the desired years, they
are the closest matches available and should represent reasonably well the land cover in
1996 and 2005. There is also a difference in the resolution of the two land cover layers
(30 m for Gap, 5 m for MELCD). The Gap layer was only used to calculate variables
used in estimating the economic model (e.g. percent forest cover surrounding each
parcel). The MELCD layer was used to calculate these same variables in 2005 for the
purposes of prediction, so this difference in resolution may introduce some error.
However we did not perform any resampling between the two datasets, and we only used
MELCD for the landscape permeability analysis. Other explanatory variables were
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calculated from combinations of the above data using ESRI's ArcGIS 9.2 software
(Environmental Systems Research Institute, Inc., Redlands, CA).

1.5. Methods
This section begins with a discussion of the economic model that is used to
predict parcel-level conversion under different scenarios, including discussion of
techniques for dealing with spatial autocorrelation (section 1.3.2) and a method for the
placement of houses and open space within subdivisions (section 1.3.3). We use the
economic model and method for house location to predict future landscapes under
different conservation and open space policies. In section 1.3.4 we discuss the landscape
permeability model that is used to assess functional connectivity of the predicted
landscapes between required habitat elements for our focal species. Section 1.3.5
outlines our efforts at sensitivity analysis, including sensitivity of our results to
assumptions regarding migration potential of the focal species and sensitivity to the
degree of clustering of breeding pools. Finally the section concludes with a summary of
the data used in the study.
1.5.1. Economic model of parcel conversion
A typical economic model of the conversion of land assumes that each landowner
attempts to maximize the net returns from the use of his or her land. Thus a parcel would
be expected to be converted when relative returns change and a different land use
becomes more profitable than the current use. Spatially explicit economic models of
land-use change can model the evolution of land use and the effects of land policies
across space.
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An important contribution of this line of research has been to spur the integration of
economic and ecological modeling of landscape change. Bockstael (1996), for example,
connects land uses to nitrogen loading and is able to predict nitrogen loading resulting
from various sewer service scenarios. Palmer et al. (2002) develop an interdisciplinary
approach that integrates a hazard model of the timing of land conversion with models of
the hydrology, geomorphology, and ecological structure and function of streams. Lewis
and Plantinga (2007) use a discrete choice model of land conversion to produce predicted
landscapes under different afforestation policies and use landscape metrics to compare
the degree of fragmentation resulting from the policies. Wu and Irwin (2008) examine
the dynamic effects of land development and water quality using a hazard model of the
optimal timing of development. In each of these cases, economic intuition provides
insightful information regarding the human decisions that drive land use conversion. An
economic approach to modeling land use change enables the researcher to incorporate the
heterogeneity in returns to development across space and to model explicitly the
responses of individual landowners to changing conditions. This paper adopts a
spatially-explicit interdisciplinary approach by integrating the results of a parcel-level
economic model of land conversion with a landscape permeability model for wood frogs,
a vernal pool-dependent species.
In her seminal paper, Bockstael (1996) uses a hedonic model to predict the returns
to land in residential use across her study area and develops a parcel-level discrete choice
model of the probability of conversion to residential use. In this framework, each
landowner is assumed to choose whether or not to convert his/her parcel to residential use
based on static, one-period return maximization. The probability of conversion is
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modeled as the probability that the net returns (present value of the stream of future
returns net of conversion costs) from residential use exceed those of all other uses. Since
not all factors influencing this decision will be observable to the researcher, the
probability is typically written to include a systematic (observed) portion, V, and a
random (unobserved) portion, r\. Thus (again following Bockstael, 1996) the probability
that parcel j , which is in land use u at time t - 1 will be converted to land use r in time t
becomes
(1)
(2)
for all land uses m = 1, ..., u, ..., M.
Since the probabilities in (1) and (2) are not observed directly and interest is often
focused on conversion from undeveloped to developed uses, the problem is commonly
cast as a basic latent regression model and Fis written as the product of exogenous parcel
characteristics (X) and a set of parameters to be estimated (6). Specifically, the
unobserved net return from converting parcel/ from undeveloped (u) to residential use (r)
at time t, yj*, becomes (eq. 3)
(3)

Simplifying further by setting sJt equal to tjjrt-fljut and Xjfi equal to (Xjt(6r- 6U)), yjt* can be
written such that:
yJt*=Xjfi + eJt.

(4)
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When combined with what we do observe, y, whether or not the parcel has been
converted to residential use, this expression provides the basis of a binary discrete choice
model:
yft=lifyjt*>0

(5)

yJt=0 ifyjt* < 0
pTob(yj,=l)=pTob(ejt< Xj^)=F(eji)
If the error term in (4) and (5) is assumed to have a standard normal distribution (F), the
model becomes a probit model.
We estimate the parcel-level model on the time period from 1996-2005. We
focus only on conversion to residential use, as over 90% of all new development was
residential during the study period (unpubl. data). The decision to convert an
undeveloped parcel to residential use is assumed to be driven by a desire to maximize net
returns from the use of one's land, with net returns assumed to be a function of parcel
attributes. We first identify the parcels that were potentially developable at the end of
1995 by eliminating conservation lands, town-owned parcels, parcels in non-residential
zones, and parcels that already contained a residence and were not large enough to be
subdivided. This yielded a sample of 1,283 parcels. Following the empirical model in
(3) and (4), the binary dependent variable, y, takes a value of one for any parcel on which
a residential dwelling unit was built between 1996 and 2005 and zero otherwise. The
explanatory variables, the vector Xjt in (4), are motivated by economic theory and capture
potential drivers of variation in the overall net return of converting from undeveloped to
residential use. These variables include distances to amenities and disamenities, local
regulatory variables, factors affecting cost of conversion, and neighboring land use
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externalities. Model selection and specification were based on AIC and variance
inflation factors (VIF) to minimize multicollinearity. We tried both logarithmic and
quadratic specifications, but these did not improve the fit of the model, so we present the
linear model here. The descriptive statistics for the variables used in the final model are
shown in Table 1.1.
Several of the explanatory variables are expected to affect the costs of conversion
and thus the returns from development. The number of developable lots on the parcel
(NOJLOTS) is expected to be directly related to the probability of conversion, as
developers may foresee greater returns from building larger subdivisions due to
economies of scale in infrastructure and other construction costs. The interaction
variable, hydric-unsewered (HYD_UNSEW), is expected to be negatively related to the
probability of conversion, as parcels with greater percentages of hydric soils in
unsewered areas would likely involve higher development costs for installing septic
systems or wells. A greater distance to a minor road (DIS2_MTNRD) is expected to
increase the costs of development by requiring a longer road to be built to access the new
development.
The remaining explanatory variables involve residential amenities or disamenities
that are expected to increase or decrease the selling price of new homes, thus affecting
returns to development. The minimum lot size (MINLOTSIZE) for the zone in which the
parcel is located is included based on the hypothesis that homes on larger lots may
command a higher return. The variables reflecting the distance to Portland, the major
employment center in this region (DIS2 PORT), and the distance to a golf course
(DIS2GOLF), are expected to have negative signs, indicating that homeowners would

14

Table 1.1. Descriptive statistics for explanatory variables in parcel-level model
Variable
Description
Mean Std. Dev.
Min.
MINLOTSIZE

NO_LOTS

DIS2TPK

DIS2POR

DIS2_MAJRD

DIS2I95

DIS2GOLF

DIS2_MTNRD

DEV 100

DEV1500

HYDUNSEW

Max.

Minimum lot size in
zone in tens of
thousands of sq.ft.2

5.084

2.728

1

8

(Integer) number of
developable lots

7.550

14.500

1

258

Distance in km to
turnpike exit

4.487

1.945

0.103

9.005

Distance in km to
centroid of Portland

7.716

2.520

2.681

14.280

Distance in km to
major road

0.867

0.758

0.011

3.336

Distance in km to I95 exit

4.987

3.112

0.377

12.217

Distance in km to
Woodlands Golf
Club

3.335

2.103

0.014

9.235

Distance in km to
minor road

0.118

0.127

9.1E-06

0.948

Percent developed
land within 100 m

14.820

22.900

0

96.230

Percent developed
land bet. 100-500 m

12.290

14.890

0

58.950

Percent hydric soil x
unsewered dummy

11.04

23.37

0

100

pay a premium to live closer to these amenities. The remaining variables, distance to a
major road (DIS2_MAJRD), distance to the turnpike exit (DIS2TPK), distance to the
" We choose not to use the international system of units here, as minimum lot sizes in U.S. zoning
ordinances are typically determined in square feet. Measuring this variable in tens of thousands of square
feet facilitates interpretation of the results, as zoning changes typically occur over such ranges.
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interstate (DIS2J95), the percentage of developed land within 100 meters (DEV100),
and the percentage of developed land between 100 and 500 meters (DEV1_500), may be
considered amenities for convenience reasons or disamenities due to noise and
congestion. Thus we have no a priori expectations as to the signs of these variables.
1.5.2. Spatial error autocorrelation in discrete choice models
Spatial autocorrelation, the correlation of spatially adjacent or neighboring values,
is a common problem in models of land use and land cover (Anselin, 2002). Spatial
dependence among error terms produces heteroskedastic errors which cause parameter
estimates to be both inconsistent (McMillen, 1995) and inefficient (Fleming, 2004) for
typical estimation techniques that assume independent errors . Errors may be spatially
correlated due to omitted variables that are themselves spatially correlated or due to
mismatch between the scale at which variables are measured and the scale at which the
underlying process actually operates (Anselin, 2002). Variables such as the age or tenure
of the landowner, for example, may affect conversion decisions but be unavailable to the
researcher. Alternatively variables relating to land cover may be calculated from
relatively coarse land cover maps that lack sufficient detail to represent the land cover
features most relevant to landowners. A further complication is that the latent nature of
the outcome variable in discrete choice modeling makes the solution to this type of
problem computationally difficult, an issue to which we return later.
To test formally for the presence of spatial dependence among error terms we
used Moran's I modified for probit (Kelejian and Prucha, 2001):
A

A

/ =—^UW(0,1),
a

(5)
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where s is an n x 1 vector of disturbances estimated from a standard probit model (4), W
is a spatial weights matrix that defines neighbors based on contiguity derived from a
Delaunay triangulation of parcel centroids3, and a is a normalization factor that
accounts for the heteroskedastic errors. The normalization factor for probit models takes
the form:
~2

A, \ n

=

n

A

(W + W

2

A

2

a CTj

° [2^x ^ * ^ '

(6)

where
(7)

a,• =<SXji',m-^Ji\h\-

The term $>{ri] /?) in (7) represents the cumulative density function of a standard normal
random variable evaluated at the probit estimates. Kelejian and Prucha show that under
the null hypothesis of no spatial dependence, the index / converges in distribution to a
standard normal. This test allowed us to reject the null hypothesis of no correlation at the
1% level, so we use a spatial error framework for the parcel-conversion model.
Following LeSage (2000), a spatial error probit model takes the form:
y*=X|3 + e,
s = ^Ws + u,

(8)
u~ N(0, a 2 )

(9)

where "k is a spatial autoregressive parameter to be estimated. Thus each error term in (8)
is determined by an i.i.d. stochastic component and a deterministic component related to

3

The contiguity matrix was created using the function "xy2cont" in LeSage's Spatial Econometrics
Toolbox for Matlab. We also tried constructing weights matrices using nearest neighbor rules, varying the
number of neighbors from one to five. The contiguity rule produced models with slightly higher pseudo-Rsquares, so we use that form for the weights matrix. Further explanation and documentation are available
at www.spatial-econometrics.com.
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neighboring error terms. The spatial error specification in (8) and (9) may be rearranged
as:
y* = Xp + (I-rW)- ! M

(10)

This specification emphasizes that the error term for each parcel-specific observation, y; ,
is a function not only of X;, but also of all neighboring error terms in the system, where
neighbors are defined by the weights matrix Win (5).
Solving the likelihood function in the presence of correlated errors requires
evaluating an M-dimensional integral, which is computationally intractable. We use the
Bayesian estimation methodology for probit models described in LeSage (2000) to
correct for spatial autocorrelation . This method relies on Gibbs sampling, a Markov
Chain Monte Carlo (MCMC) technique. The notion underlying this technique is that a
probability density function for the parameters may be estimated from a large sample of
parameter values in the posterior distribution. Further details on the Gibbs sampling
method are provided and alternative estimation procedures reviewed in Fleming (2004).
We used Raftery-Lewis (1996) diagnostics to determine that running the Gibbs sampler
2,100 times, with the first 100 discarded for "burn-in," would be adequate to ensure the
desired accuracy in the posterior parameter estimates. Chi-square tests of the first 20% of
the sample draws versus the last 50% failed to reject the null hypothesis that the means of
the two sample groups were equal, confuining convergence of the Gibbs sampler
(Geweke, 1992).
We used the results from the spatial probit models to produce predicted
landscapes under alternative vernal pool buffer and open space policies. Ideally we
4

We used LeSage's Matlab code for Bayesian Gibbs sampling estimation of probit models and
convergence diagnostics, which are available at www.spatial-econometrics.com.

18

would have liked to make predictions that made use of the spatial neighborhood structure
and estimated spatial parameters from the model. As Fleming (2004) demonstrates, the
variance-covariance matrix (Q) for the spatial error probit model is:

a = Q.-xwy1(i-xw)'u<TlE

(ii)

Making use of the information in this non-diagonal matrix is computationally intractable.
Furthermore, the set of parcels for which we would like to predict (those that are still
developable as of 2005) is a subset of those used to estimate the model (those that were
developable as of 1996), thus changing the nature of the spatial neighborhood structure,
W, and the spatial parameter, 1. Thus, following Bivand (2002), we base our predictions
on only the trend (XP) component of the spatial error model. While this ignores the
spatial information provided by the model, it avoids the undue inflation and inconsistency
of parameter estimates that results from using non-spatial modeling techniques in the
presence of spatial dependence.
1.5.3. Housing location within subdivisions
One aspect of open space policies that to our knowledge has not previously been
addressed is the fact that open space within subdivisions may be an important component
of habitat for some species of wildlife, particularly those with limited mobility such as
wood frogs. Parcel-level models typically assume that when a parcel changes land uses,
the entire parcel is converted to the new use (see, e.g., Bockstael, 1996; Irwin et al., 2003;
Lewis and Plantinga, 2007). When subdivision open space requirements exist, this is
almost certainly not the case. We suggest that the location and configuration of this open
space and of the houses within the subdivision may be important to wood frogs and other
species of wildlife.
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As a preliminary investigation, we produce predicted future landscapes under
assumptions of no open space, 25% open space, and 50% open space, including
specifying the location of the houses and open space. In addition to the three open space
scenarios, we consider three vernal pool buffer scenarios, no buffers, buffers around half
of pools (randomly selected), and buffers around all pools. Consideration of no buffers
and buffers around all pools obviously represents the two extremes of protection
possibilities. We also consider the possibility that only half of pools are protected,
because it has been estimated that roughly half of the pools in Maine will be
jurisdictional under that state's new law (Dr. Aram Calhoun, pers. comm..). Because
field surveys have not yet been conducted to determine which pools will be jurisdictional,
we select half at random. Thus we produce nine predicted future landscapes, reflecting
the interaction between three open space policies and three vernal pool buffer policies.
The "no open space scenarios" assume each parcel is built at its maximum allowable
density under current zoning, so that the entire parcel is developed. The 25% and 50%
open space scenarios assume that the appropriate percentages of each developed parcel
are not built upon and remain in their current land cover. These areas of open space may
continue to serve as habitat or migration corridors for wood frogs.
For the open space scenarios, we developed a simple method of locating the
houses, and thus the open space, on developed parcels. If a developer is only allowed to
develop a certain portion of a parcel, economic theory might suggest that the developer
wishes to minimize the cost of developing the parcel. In this case, new houses would
most likely be built closer to existing roads and other infrastructure so as to minimize the
cost of extending such services. Based on this notion, we estimated a second spatial
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probit model at the cell-level to examine the probability of housing location at each cell
on a parcel, conditional on the parcel having been selected for development, including
explanatory variables likely to affect costs of conversion5. The results of this model were
used to guide housing location under the open space scenarios for the future landscapes.
For each subdividable parcel predicted to be developed by the parcel-level model in each
open space scenario, the number of developable lots was calculated by removing the
appropriate percentage of open space and assuming maximum density on the remaining
developable portion. Houses were then placed on the cells with the highest predicted
probability of house location from the cell-level model, with cells without houses
assumed to remain in their current state, thus satisfying the open space requirement.
The Maine State Planning Office forecasts an additional 535 housing units in
Falmouth between 2005 and 2015 (MESPO, 2003). Extrapolating this rate of growth to
2035 would produce approximately 1600 new units. We base our predicted future
landscapes on this assumption, and landscapes differ only in the pattern of development.
1.5.4. Landscape permeability model
For each landscape, we assessed connectivity between wood frog habitat
requirements using a landscape permeability model, a method used frequently by
ecologists to assess functional connectivity while accounting for the habitat matrix
between required elements (Schippers et al., 1996; Ray et al., 2002; Singleton et al,
5
We acknowledge the likely endogeneity in this approach. Developers are likely to consider suitable
housing sites when choosing a parcel for purchase or development, so our conditional approach is not
optimal. However we believe it can provide meaningful results as a preliminary investigation into the
interaction between different development patterns and vernal pool buffers. A hierarchical approach may
be more appropriate and is an interesting direction for future research.
6
Falmouth defines a "subdivision" as the division of a parcel into three or more lots within a five year
period. Thus any parcel containing fewer than three developable lots under the open space requirement
being modeled was not deemed subdividable and was assumed to be built at maximum density with no
open space.
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2002, 2004; Joly et al., 2003; Hope et al., 2006). After consultation with local experts in
wetland ecology and herpetology, we assigned "cost" coefficients to each land cover type
on the landscape maps. The "cost" value represents the cost to an animal of traveling
across that cell on the landscape. The cost values used are shown in Table 1.2. Since
wood frogs are forest and wetland specialists, forested and wetland areas receive the
lowest cost of 1, while more inhospitable habitats receive higher costs. Using the
maximum migration distance of the focal species and ESRI Arc GIS's (v. 9.2) "Cost
Weighted Distance" function (Environmental Systems Research Institute, Inc., Redlands,
CA), we produced a map that represents the area around each vernal pool within which a
wood frog could be expected to migrate successfully. We used a maximum migration
distance of 340 meters (~1,114 feet) (from Baldwin et al., 2006) for wood frogs. In order
to identify functional connectivity between two features (e.g. two vernal pools) we halved
the maximum migration distance, so that each cost distance band around a pool
represents a cost weighted distance of 170 meters. Thus, assuming the actual maximum
migration is 340 meters, anywhere that two bands overlap indicates functional
connectivity between the two pools.
We created two different sets of cost-distance layers, one around vernal pools to
assess permeability between breeding pools and one to assess permeability between
vernal pools and forested wetlands. The second set is the intersection of the cost-distance
bands around vernal pools and another set of cost-distance bands around forested
wetlands. This second set was used to identify permeability between breeding habitat
(vernal pools) and summer habitat (forested wetlands).
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Table 1.2. Cost values used in landscape permeability
Maine Land Cover Dataset
(MELCD) description
(Smith et al., 2006)
Deciduous forest
Evergreen forest
Mixed forest
Light partial cut [<50% canopy removed]
Wetland forest
Wetlands

model
Reclassified
Description
Forest/
Wetlands

Cost/
Friction
Value
1

Heavy partial cut [>50% canopy removed]
Regenerating forest [seedling to sapling]

Recently cut
forest

3

Recent clearcut [>90% canopy removed]
Scrub/shrub

Clearcut/ scrub/
shrub

5

Pasture/hay
Grassland/herbaceous

Field

7

Unconsolidated shore

Uncons. Shore

7

Developed open space [<20% imperv.]
Cultivated crops

Lawn/crops

9

Low intensity developed [21-49% impervious]

Devel. - low

11

Bare land

Bare Land

15

Med. intensity developed [50-79% impervious]

Devel. - med.

15

High intensity developed [>80% impervious]

Devel. - high

20

Neighborhood/
connector road

15

Major road

Highway/major
artery across or
through town

20

Interstates

1-95 or Turnpike

100

Roads/runways
Other vector layers overlaid onto MELCD
Minor road
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To assess the permeability resulting from the different scenarios in a quantitative
manner, we used Fragstats software7 to calculate landscape metrics on the cost-distance
bands. By calculating the metrics only on the cost-distance bands, we were able to make
indirect use of the cost surface from the landscape maps, something Fragstats cannot do
directly. Fragstats offers many metrics to summarize landscapes, including measures of
patch size, shape, complexity, isolation, and fragmentation. We examined several of
these metrics but found that the interpretations of their results were very similar.
Therefore we present here two metrics that are the easiest to interpret, number of patches
and mean patch area. We also note that despite the existence of other metrics that
measure various aspects of landscape composition and configuration, our metrics are
based on cost-distance bands which already make use of the resistance of the landscape.
As such, overlap between these bands may be interpreted as indicative of functional
connectivity between habitat features. The interpretation of the metrics differs whether
one is examining connectivity between vernal pools or between vernal pools and forested
wetlands, so we discuss the two cases separately below.
1.5.4.1. Connectivity between vernal pools
We assessed connectivity between vernal pools (pool-to-pool connectivity) by
treating the cost-distance bands around vernal pools as patches. Thus the band around a
single isolated pool that was not functionally connected to any other pool would represent
a single patch. Anywhere that two or more cost-distance bands overlap, indicating
connectivity, would also be treated as a single patch (see Figure 1.2). When new
development fragments the landscape, breaking the connectivity between pools, a single
7

Fragstats is a software program produced by authors at the University of Massachusetts, Amherst. Further
details, documentation, and software download are available at the following web site:
www.umass.edu/landeco/research/fragstats/fragstats.html.
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patch becomes two or more. Thus for the number of patches metric (NP), an increase in
the number of patches indicates more fragmentation. As large, interconnected patches
are degraded or destroyed by land conversion or fragmented into numerous smaller ones,
mean patch area (MN_AR), which is reported in hectares, decreases. Thus smaller values
of M N A R indicate less available habitat per patch.

Figure 1.2. Examples of patches for pool-to-pool connectivity metrics: a) one overlapping
patch connec ting two po ols; b) two rra gmented patches

rt

b)

O

O

o

O

1.5.4.2. Connectivity between vernal pools and forested wetlands
We assessed connectivity between vernal pools (breeding habitat) and forested
wetlands (summer habitat) using the same three metrics. However, we created two costdistance layers, one around vernal pools and one around forested wetlands. Because we
were interested only in connectivity between breeding pools and forested wetlands (poolto-PFO connectivity) and wished to ignore connectivity between similar types of
wetlands, we defined patches only as the areas where these two cost-distance layers
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overlapped. The overlap between these two raster layers indicates areas of pool-to-PFO
connectivity (see Figure 1.3).
Figure 1.3. Example of patch for pool-to-PFO connectivity

In this case, the interpretation of the landscape metrics is a bit less clear. A
greater number of patches may indicate more functional connections between breeding
and summer habitat, so that reductions in the number of patches due to development
would indicate the loss of connections due to fragmentation. Alternatively a greater
number of patches may indicate the fragmentation of one patch into two or more patches.
For the metric measuring mean patch area (MNAR), habitat loss and fragmentation
could reduce the area of patches, or it could eliminate some of the smaller patches,
leaving the larger ones intact, thereby increasing mean patch area. The interpretation of
this set of pool-to-PFO metrics is most informative if both are examined together. If NP
decreases and MN_AR increases, it is likely that smaller patches have been lost, while
increases in NP coinciding with decreases in MN_AR suggest fragmentation of patches.
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In some cases, however, the results may be ambiguous if, for example, some patches are
lost while others are fragmented.
1.5.5. Sensitivity Analysis
We examined the sensitivity of the results to different assumptions regarding
migration capabilities of wood frogs and to different assumptions regarding the cost
coefficients used in the landscape permeability model. We varied these assumptions by
both halving and doubling the 340 meter maximum migration distance. Half of this
distance, 170 meters, is also roughly equal to the median adult migration distance of 169
meters reported in Baldwin et al. (2006). A doubling of the maximum migration distance
used in the permeability model equates to halving the cost coefficients and vice versa.
Thus we were able to test the sensitivity to both differing migration capabilities and
differing cost coefficients simultaneously. Results of the sensitivity analysis are reported
in Appendices A and B.
It is possible that the degree of clustering of vernal pools impacts the
effectiveness of terrestrial buffers. If, for example, most pools are within 250 feet of
another pool, then permeability between breeding pools would be virtually ensured by a
250-foot buffer. The Z-score from a nearest neighbor test of the pools in our dataset
indicated significant clustering (z = -7.49, p<0.01). To test for any effects from
clustering of pools, we created seven simulated vernal pool layers with varying degrees
of clustering, with pool density in each simulation equal to the actual pool density in
undeveloped areas our focal town (3.14/km ). We masked out developed areas because
they do not contain vernal pools but almost certainly did at one time. We thus restrict our
simulations to undeveloped areas in which vernal pools might reasonably exist given the
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current landscape. The simulations included a regular distribution (representing spatial
repulsion, the opposite of clustering), a random distribution, and five clustered
distributions, with increasing degrees of clustering. To create the clustered distributions,
we first fit a homogeneous Matern Cluster process model (Matern, 1986) to the locations
of actual breeding pools in our focal town using the function "kppm" in R software's
Spatstat8 package (Baddeley and Turner, 2005). We then used the function "rMatClust"
to simulate a model with the same pool density, varying the parameters that control the
intensity of cluster centers and number of pools per cluster to generate different degrees
of clustering. For our seven simulated vernal pool distributions, nearest neighbor Zscores range from +20.4 for the regular pattern (a positive z-score indicates nearest
neighbor distances greater than expected for a random distribution) to -0.5 for the random
distribution to -10.1 for the most clustered distribution. We then repeated our assessment
of landscape permeability between simulated breeding pools for the 2005 landscapes and
predicted future landscapes, assuming no open space requirement and a 250-foot vernal
pool buffer for half of pools, chosen at random. We chose to buffer half of pools to try to
match our closest guess as to the number of pools that will become jurisdictional under
Maine's new law. An open space requirement may improve permeability in itself, a
confounding effect we wished to avoid here.
1.6. Results
1.6.1. Model of parcel conversion
The results of the parcel-level model are shown in Table 1.3. Direct interpretation
of parameter estimates of probit models is not readily intuitive, but marginal effects offer

8

The R software and spatstat packages and documentation are available for download at: http://www.rproiect.org/.
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Table 1.3. Results of spatial error probit model of parcel conversion
Coefficient
Std. Error
p-level
INTERCEPT

Marg. Eff.

-2.1698

0.3450

<0.0001

MINLOTSIZE

0.0180

0.0032

O.0001

0.0170

NO_LOTS

0.0200

0.0051

O.0001

0.0191

DIS2_TPK

0.4375

0.1020

O.0001

0.4173

DIS2_POR

-0.1151

0.0526

0.0120

-0.1098

DIS2_MAJRD

0.3586

0.0855

O.0001

0.3420

DIS2J95

0.4474

0.1020

O.0001

0.4267

DIS2_GOLF

-0.7533

0.1546

O.0001

-0.7185

DIS2_MTNRD

-4.7336

0.5658

O.0001

-4.5147

DEV100

-0.0170

0.0044

O.0001

-0.0162

0.0341

0.0080

O.0001

0.0325

-0.0086

0.0024

O.0001

-0.0082

0.0607

O.OOOl

0.0189

DEV1_500
HYD_UNSEW

RHO
0.2384
Pseudo-R^ = 0.5703
Cross-validation prediction error = 0.240
n = 1,283

~

a practical alternative. For probit models, marginal effects for a given change in the Ath
explanatory variable are
(12)
where/(xr 'ft) is the pdf of a standard normal random variable evaluated at observation i
andftk is the Ath parameter in the vector/? (Greene, 2003). Like an elasticity, marginal
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effects represent the change in the probability of conversion that results from a one-unit
change in explanatory variable Xk, commonly evaluated at the sample mean of Xk, with all
other x held constant at their sample means. Thus, for example, a one-unit change in
minimum lot size (MINLOTSIZE), for example a change from 40,000 to 50,000 sq. ft.
(i.e. from 0.3716 to 0.4645 ha) would be expected to increase the probability of
development by 0.017 percentage points. This finding confirms our hypothesis that
larger minimum lot zoning is an amenity that increases returns to development.
The variables measuring distances from amenities or disamenities are measured in
kilometers, so, for example, each additional kilometer away from the turnpike increases a
parcel's probability of development by about 0.4173. The positive coefficients on
distance to turnpike (DIS2_TPK), major roads (DIS2_MAJRD), and the 1-95 exit
(DIS2_I95) indicate that these major roads and interstates repel, rather than attract,
development. Similarly the negative coefficients for distance to Portland (DIS2POR)
and a golf course (DIS2_GOLF) indicate that being one kilometer closer to these
amenities increases the probability of development for a parcel by 0.1098 and 0.7185,
respectively. The variables DEV100 and DEV1_500 are measured as percentages of
developed land within a certain distance of each parcel and have negative and positive
signs, respectively. Thus a one-percentage point increase in the amount of developed
land within 100 meters would decrease probability of development by 0.0162, while the
same increase between 100 and 500 meters would increase probability of development by
0.0325. These coefficients together may indicate that people prefer to be close to
developed land, such as shopping malls and major roads, but not too close.
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The variables measuring costs of conversion had coefficients consistent with our
expectations. A one-unit change in the number of developable lots (NO_LOTS) on a
parcel would increase probability of development by about 0.0191 percentage points.
Greater distance to minor road decreased probability of development, as it would likely
increase road and other infrastructure development costs. The variable, HYD_UNSEW,
has a negative sign, indicating that greater percentages of hydric soils in unsewered
regions may increase development costs by posing difficulty in installing septic systems
or wells. Together these three variables confirm that the cost of conversion of a parcel
may be an important factor in development decisions.
We calculated the cross-validation prediction error by using parameter estimates
from half the sample to predict conversion in the other half, using a threshold value of 0.5
for classification. Prediction error (P.E.) in classification models is calculated as P.E. =
prob(y ^ y), or the probability of misclassification (McLachlan, 1992). The prediction
error for the spatial error probit model was 0.240, while for the non-spatial probit model
it was 0.244, indicating that the predictive ability of the spatial model is similar to that of
a non-spatial model.
Based on the parameter estimates from our model and the 2005 landscape, we
produced a map of predicted probabilities of conversion for each parcel in the future.
Using these probabilities we created predicted future landscapes for nine scenarios, no
open space, 25% open space, and 50% open space, with each created assuming no vernal
pool buffers, half of pools buffered, and all pools buffered. In the following two sections
we discuss pool-to-pool and pool-to-PFO connectivity for these nine scenarios.
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1.6.2 Pool-to-pool connectivity
Pool-to-pool connectivity metrics for the predicted future landscapes and for the
baseline 2005 landscape are summarized in Table 1.4. A greater number of patches (NP)
relative to the 2005 landscape indicates more fragmentation and a decreased functional
connectivity. There were 57 patches on the 2005 landscape, and all future scenarios have
higher numbers for NP. Without the vernal pool buffer, there were 16, 11, and 6
additional patches created, respectively, for the no open space, 25%> open space, and 50%
open space scenarios. These numbers reflect quite a bit of fragmentation but also show
that increasing open space requirements ameliorate the negative effects from
development to an extent. When half of the pools are buffered, the amount of
fragmentation is less, with 8, 8, and 4 additional patches created for the no open space,
25%o open space, and 50% open space scenarios, respectively. This trend continues when
all pools are buffered so that only 3, 2, and 1 additional patches are created for the no
open space, 25%> open space, and 50%> open space scenarios. Taken together, these
results suggest that both buffers and open space can help preserve breeding habitat
connectivity for wood frogs and that the two policies may be complementary. The
buffers appear to be more effective overall, however, as the buffers with no open space
scenario produces fewer fragmented patches than even the no buffer with 50%> open
space scenario.
Mean patch area (MN_AR) tells a very similar story. The mean patch area for the
baseline landscape is 111.83 hectares, and all future landscapes have smaller values.
Like with the number of patches, both buffers and higher open space requirements
produce results closer to the baseline (i.e. larger patches). Again, buffers appear to be
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Table 1.4. Pool-to-pool connectivity metrics on predicted future landscapes
Landscape/Scenario
No. Patches
Change in
Mean Patch
(NP)
NP since
Area [ha]
2005
(MN AR)
2005 - baseline
111.83
57

Change in
MN_AR
since 2005

2035 - No Buffer
No open space

73

+16

69.47

-42.36

25% open space

68

+11

77.81

-34.02

50% open space

63

+6

88.21

-23.62

No open space

65

+8

83.03

-28.8

25% open space

65

+8

86.21

-25.62

50%o open space

61

+4

94.55

-17.28

No open space

60

+3

93.91

-17.92

25% open space

59

+2

99.03

-12.8

50% open space

58

+1

101.55

-10.28

2035 - Buffers around 50% of pools

2035 - Buffers around all pools

more effective than open space alone. For example, buffering all pools but requiring no
open space reduces mean patch area by about 18 hectares, while requiring 50% open
space with no buffers reduces it by about 24 hectares. It is also clear, however, that while
buffers offer protection to many breeding pools, they do not ensure connectivity between
all pools, particularly when only half of pools are jurisdictional, as is the case in Maine's
new law. All of the scenarios in which half of pools are buffered involve the
fragmentation of several patches and reductions in patch size. Even when all pools are
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buffered and only three or fewer patches are fragmented, there are considerable
reductions in patch size.
1.6.3. Pool-to-PFO connectivity
The pool-to-PFO connectivity metrics are summarized in Table 1.5. In this case
recall that patches are defined as the overlap between the cost-distance bands around
vernal pools and PFOs, so patches indicate areas of overlap between these two habitat
requirements. Development could reduce the number of patches by eliminating these
connections, or it could increase it by cutting a patch into two or more smaller patches.
Thus number of patches and mean patch size should be considered together.
There were 35 patches in the baseline (2005) landscape, with mean patch area
equal to 65.68 hectares. With no buffers in place, the future landscapes contain 35, 34,
and 33 patches for the no open space, 25% open space, and 50% open space scenarios,
respectively. While these changes are very small or nonexistent, the reductions in mean
patch area are more noteworthy and are larger than in any of the buffered scenarios. The
largest reductions in mean area are in the no open space scenario, and increasing amounts
of open space yield smaller reductions (i.e. larger patches). The zero or negative changes
in NP combined with the relatively large reductions in MN_AR suggest that for these
scenarios some previously connected patches are being lost while others are fragmented
into two or more smaller ones, thus leaving the number of patches little changed but the
patch size reduced. When half of pools are buffered, the largest reductions in number of
patches (3) and mean patch area (6.48 hectares) occur when there is no open space, and
the smallest reductions in number of patches (1) and mean patch area (3.74) occur when
50%) open space is required. When all pools are buffered, the reductions in the number of
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Table 1.5. Pool-to-PFO connectivity metrics on predicted future landscapes
Landscape/Scenario
No.
Change in
Mn. Patch
Change in
Patches
NP since
Area [ha]
MN_AR
(NP)
2005
(MN_AR)
since 2005
2005 - baseline

68.58

35

2035 - No Buffer
No open space

35

0

52.22

-16.36

25% open space

34

-1

55.77

-12.81

50% open space

33

-2

62.05

-6.53

No open space

32

•3

62.10

-6.48

25% open space

33

•2

63.83

-4.75

50% open space

34

1

64.84

-3.74

No open space

30

-5

68.96

0.38

25%o open space

30

-5

71.51

2.93

50% open space

33

-2

67.18

-1.40

2035 - Buffers around 50% of pools

2035 - Buffers around all pools

patches are larger than when half or no pools are buffered. This is somewhat puzzling
until one considers that mean patch area is largest for these scenarios and even larger than
the baseline landscape for the no open space and 25%> open space scenarios. There are
two possible explanations for this. One is that the presence of the additional buffers
removes land from development on certain parcels and pushes it onto other parcels,
where it fragments another pool-to-PFO connection. The other is that at least as many
connections were being lost in the no buffer and half buffer scenarios, but fragmentation
of other connections was increasing the number of patches. A look at the predicted future
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landscape maps reveals the second possibility to be much more likely, suggesting that the
buffers are not really reducing pool-to-PFO connectivity, but instead leaving intact at
least as many connections of larger size.
1.6.4. Sensitivity Analysis
1.6.4.1. Maximum migration distance/cost coefficients
Tables A.l and A.2 in Appendix A show the results of the pool-to-pool sensitivity
analysis when we changed the maximum migration distance to 170 meters and 680
meters respectively. While the metrics change due to the different size patches being
created around each pool, the interpretation of the results is very similar. In terms of both
minimizing patch fragmentation and maintaining larger patch size, buffers around half of
pools perform better than no buffers and buffers around all pools perform best of all.
Nonethesless terrestrial buffers, even around all pools, allow some fragmentation and
reduction in habitat. Higher amounts of open space generally yield fewer fragmented
patches and larger patch sizes. Buffers generally appear more effective than open space
alone, as the buffer and no open space scenario shows the same or fewer patches and
patches of roughly equal or larger size than the no buffer and 50% open space scenario.
Tables B.l and B.2 in Appendix B show the results of the pool-to-PFO sensitivity
analysis under the same assumptions regarding maximum migration distance. When
maximum migration distance is assumed to be 170 meters the metrics do not vary greatly
across scenarios. This is likely because with such a small buffer around pools, only pools
that are very close to forested wetlands are functionally connected even in the baseline
scenario. If fact, many of these pools lie within forested wetlands and thus have no
chance of being fragmented. With the assumption of greater migration distance (680
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meters), the metrics show a somewhat ambiguous pattern. Across all three open space
policies, the addition of buffers does not yield much change in either the number of
patches or mean patch size. Regardless of the number of pools that are buffered, higher
amounts of open space result in more patches but the effect on patch size is inconsistent.
In general, the pool-to-PFO sensitivity analysis suggests that terrestrial vernal pool
buffers may not offer much protection to migrating wood frogs. It also highlights the
need for better knowledge of the migration capabilities of wood frogs and the resistance
offered by various types of habitat.
1.6.4.2. Vernal pool clustering simulations
Table C.l in Appendix C shows the pool-to-pool connectivity metrics for the
simulated vernal pool distributions, and Figures 1.4 and 1.5 graph the relationships
between the degree of clustering and change in NP and MN_AR, respectively. There is a
clear trend in the results, with greater degrees of clustering producing more fragmentation
(i.e. fewer patches) but patches of greater size. This is because as the pools are more
clustered, their 250-foot buffers are more likely to overlap, producing larger, more
interconnected patches. All simulations include 143±5 pools, so fewer patches indicate
more connectivity between pools. For the regular distribution, for example, there are 141
vernal pools on the landscape at regular intervals, with no two pool buffers overlapping,
so there are 141 patches. As the clustering increases, the change in number of patches
increases fairly consistently, indicating increasing fragmentation. Mean patch size also
shows a steady trend, with more clustering consistently producing larger patch sizes in
the baseline (2005) landscape but also greater reductions in patch size due to
development. This set of simulations suggests that as clusters become larger and more
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interconnected, there is a greater chance that they will be affected by development. The
actual vernal pool distribution in our study town has a mean nearest neighbor Z-score
closest to the simulation with the Z-score of -7.6, so in areas in which pools are either
more clustered or more dispersed, connectivity may be impacted differently than in our
case.
Figure 1.5. Relationship between degree
of clustering of pools and change in
mean patch area for 2035 relative to
2005 (pool-to-pool metrics)

Figure 1.4. Relationship between degree
of clustering of pools and change in
number of patches for 2035 relative to
2005 (pool-to-pool metrics)

Change in MN_AR since 2005

Change in NP since 2005
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Table C.2 in Appendix C and Figures 1.6 and 1.7 show the pool-to-PFO
connectivity metrics for the simulated vernal pool distributions. Again there are more
patches when pools are less clustered and fewer patches when they are more clustered for
the same reasons as mentioned previously. In terms of the changes in number of patches
and mean patch area due to development, however, there is no clear trend. We looked at
connectivity between our simulated vernal pools and the actual forested wetlands in our
town. In reality, vernal pools are likely to be spatially correlated with other wetlands,
often occurring within or in close proximity to them. Thus our sensitivity analysis may
not provide much insight as to the importance of clustering with regards to connectivity
between breeding and summer habitat. The proximity and permeability of the two habitat
types may be more important than the degree of clustering of pools.
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Figure 1.6. Relationship between degree
of clustering of pools and change in
number of patches for 2035 relative to
2005 (pool-to-PFO metrics)

Figure 1.7. Relationship between degree
of clustering of pools and change in
mean patch area for 2035 relative to
2005 (pool-to-PFO metrics)
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1.7. Policy Implications
1.7.1. Vernal pool buffers
In terms of protecting functional connectivity between breeding pools, vernal pool
buffers appear to perform relatively well, particularly if all pools are buffered. Our
predicted future landscapes, representing 1,600 additional houses in our study town,
produced only minimal amounts of fragmentation and modest decreases in patch size
relative to the baseline landscape. This is to be expected, as a significant portion of the
terrestrial habitat surrounding breeding pools is encompassed within the buffers. A more
realistic scenario in this area, however, may be that roughly half of vernal pools become
jurisdictional and subject to the buffer policy. In this case, the buffers are still an
improvement over the lack of buffers, but there is considerable fragmentation and
reduction in patch size. It appears that terrestrial buffers around breeding pools are an
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important step in pool-breeding amphibian conservation, but they may not be adequate to
ensure landscape permeability into the future. In our study town, furthermore, many of
the pools occur in clusters so that the buffers overlap. For pools that are not as clustered
or more isolated pools or for smaller buffer zones, this may not be the case, suggesting
that the degree of pool clustering and buffer size may have interactive impacts on the
effectiveness of terrestrial buffers that may differ across regions.
In terms of connectivity between breeding and non-breeding habitat, the results
and implications are somewhat similar. There appears to some extent to be a tradeoff
between number of patches and mean patch size. Relative to the baseline landscape,
buffers tend to produce fewer, larger patches, while the lack of buffers produces more,
but smaller patches. This result is somewhat sensitive to assumptions regarding
migration capability and landscape resistance, however. One important result is that,
even when all pools are buffered, several connections are lost between breeding and nonbreeding habitat. As wood frogs are able to travel well beyond the 250-foot buffer
distance, vernal pool buffers alone do little to preserve this type of connectivity. Our
results suggest that vernal pool buffers, while they may protect much of the critical
breeding habitat for wood frogs, fall short of protecting the critical terrestrial migration
routes that are also important for population survival.
1.7.2. Open space requirements
Open space by itself offered only limited protection of connectivity between
breeding pools. In the absence of buffers, increasing amounts of open space do produce
metrics closer to the baseline. However buffers, even around half of pools and with no
open space required, produced metrics similar to 50% open space and better than 25%
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open space without buffers. This suggests that open space requirements, while they may
offer other benefits and services, may complement terrestrial buffers but are not a
substitute for them.
Open space requirements offer similarly limited protection of connectivity
between breeding and non-breeding habitat. Increasing amounts of open space have
mixed impacts on the number of patches but generally yield slightly larger patch sizes.
Most of the changes in the metrics due to increasing open space are not large, suggesting
that open space requirements in subdivisions may offer little protection to migrating
individuals. Nonetheless it is worth noting that higher open space requirements appear to
offer some conservation benefits.
1.7.3. Interaction between open space requirements and buffers
In terms of connectivity between breeding pools, the existence of vernal pool
buffers appears to be much more important than open space requirements. The presence
of buffers keeps both connectivity metrics reasonably close to their baseline values. If
only half of breeding pools are subject to the buffers, however, development poses more
of a threat to both breeding habitat and migration routes. Increasing levels of open space
in addition to vernal pool buffers consistently produce more permeable landscapes for
pool-breeding amphibians. On the other hand, in the absence of buffers, increasing from
no open space or 25% open space to 50% yields a more significant change than open
space requirements combined with buffers. Furthermore a vernal pool buffer with no
open space produces metrics that are very similar to 50% open space without a buffer,
and the buffer is almost certainly the less restrictive policy. For pool-to-PFO
connectivity the results are somewhat different. Increasing amounts of open space do
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offer small improvements in most cases, but for most levels of open space, the results are
very similar for the buffer and no buffer scenarios.
The interactive effects, then, are stronger for pool-to-pool connectivity, where
open space requirements enhance the effectiveness of terrestrial buffers. This may offer
important insight into the differing levels of success of conservation policies across
regions. Open space requirements can vary widely across and even within jurisdictions,
and our results suggest that they will alter the impacts of amphibian conservation
policies. For connectivity between breeding and non-breeding habitat there is virtually
no interaction between the two policies. Buffers are of only limited effectiveness, and
open space requirements do little to enhance that effectiveness.

1.8. Conclusions
Our research provides evidence that terrestrial buffers around breeding pools offer
some protection to pool-breeding amphibians and may be an important step in their
conservation. However they do not ensure connectivity between all pools nor between
breeding and non-breeding habitat in all cases. Particularly when only a subset of pools
is jurisdictional, some habitat permeability will almost certainly be lost due to future
development. We lack data on which pools will be subject to Maine's new law and on
which pools are most biologically important, so we cannot predict the impact of these lost
connections on overall population levels. However our results suggest that a terrestrial
buffer alone may not be adequate to protect pool-breeding amphibian populations.
Another important conclusion from our work is that, when open space
requirements exist, the location of open space and houses in subdivisions may be
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important. Our results were generally very different when open space requirements were
in place than when no open space was required, even though all scenarios included the
same amount of development. Open space alone offers some protection to pool-breeding
amphibians, and it appears to enhance the effectiveness of terrestrial buffers. To some
extent, open space requirements may either substitute for or complement terrestrial
buffers. Given that open space requirements may vary widely between and within
jurisdictions, we should expect that terrestrial buffers will have different impacts in
different areas. Open space requirements appear somewhat capable of protecting
connectivity between breeding and non-breeding habitat. The combination of both
terrestrial buffers and high open space requirements, along with improved design of open
space to protect key migration routes, may offer one multi-level approach to poolbreeding amphibian conservation, something our results indicate may be needed.
Our open space scenarios assumed developers would locate houses based on
minimization of development costs. Further economic research could improve our
understanding of the housing location decisions of developers and address the
endogeneity present in this decision. This may also assist in developing policies to
encourage housing patterns that maintain amphibian populations by directing open space
to key habitat and migration corridors.
Our sensitivity analysis and simulation exercises suggest that the degree of
clustering of breeding pools may also alter the effectiveness of terrestrial buffers,
particularly with respect to connectivity between pools. When pools are tightly clustered
together, their buffers are more likely to overlap, thus ensuring connectivity between
them. When pools are less clustered, buffers of the same size are less likely to ensure
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connectivity. It may be that the ideal policy from a biological standpoint is to employ
buffers of different sizes depending on the degree of clustering of pools m the area. It is
also important to note that we have only examined adult wood frog migration. Dispersal,
which is primarily achieved by juveniles and is important for genetic exchange and
recolonization after local extinctions, can involve much greater distances (>1 km). The
degree of clustering and interpond distance may become even more important at that
scale.
Our study projected future landscapes approximately 25 years into the future
when clearly a longer time horizon is important as well. Further research should
investigate the effects of land use and conservation policies further into the future,
perhaps even to buildout. On the other hand, one major advantage to our economic
model of parcel conversion is that it identifies areas that are most likely to see growth in
the near future, allowing policymakers and conservation groups to prioritize those areas
where development poses the greatest threat to amphibian and other populations.
Finally we believe our interdisciplinary approach, utilizing an economic model to
predict future landscapes and policy responses and a landscape permeability model to
predict the wildlife responses to these changing landscapes, shows great promise. The
economic intuition in the parcel-level model accounts for the heterogeneity of the
landscape and the human drivers that produce different land use patterns. This provides a
method that is more adaptable to different regions and different policy prescriptions than
trend or buildout analyses. The landscape permeability model provides a tool to
qualitatively rank different policy scenarios in terms of their impacts on a species of
interest. Environmental problems are by nature interdisciplinary problems, and
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approaches of this sort are critical to developing policies that allow for growth while
protecting natural populations.
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Chapter 2
ASSESSING THE NEED FOR A MULTI-SCALE APPROACH TO POOLBREEDING AMPHD3IAN CONSERVATION

2.1. Abstract
A few U.S. states and other jurisdictions have created regulatory vernal pool
permit zones to conserve pool-breeding amphibians. Due to their biphasic life histories
requiring access to distinct seasonal habitats or habitat elements, conservation that
focuses only on breeding pools may be inadequate to ensure the persistence of these
populations. Pool-breeding amphibians are vulnerable to habitat fragmentation, and
maintaining landscape permeability among their habitat requirements is critical. We
combined a discrete-choice, parcel-level economic model of land use change with a
landscape permeability model for wood frogs (R. sylvatica) to examine permeability
between habitat elements for several alternative future scenarios. The economic model
predicts future landscapes under different vernal pool permit zone and subdivision open
space requirements. We assessed permeability at three biologically important scales: 1)
permeability between breeding pools; 2) permeability between breeding and nonbreeding (summer) habitat; and 3) permeability between clusters of pools. The results
suggest that 250-foot permit zones are not sufficient to assure permeability among
required habitat elements, pointing to the need for a multi-scale approach to poolbreeding amphibian conservation. They also suggest that permit zones may interact with
other growth management policies, such that their effectiveness may vary spatially. For
example, even when permit zones are required around all pools, decreasing or eliminating
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the required amount of open space within subdivisions appreciably reduces landscape
permeability. We hope our research contributes to a better understanding of the
effectiveness of terrestrial permit zones at conserving amphibian populations and the
degree to which their effectiveness may vary across jurisdictions with different growth
management policies.

2.2. Introduction
2.2.1. Motivation for research
In 2007 Maine (USA) enacted legislation to create a protective 250-ft (-76 m)
permit zone around "Significant Vernal Pools" (SVPs), which were to be defined by the
presence and egg mass abundance of four indicator species, wood frogs (Rana sylvatica
LeConte), spotted salamanders {Ambystoma maculatum Shaw), blue spotted salamanders
{Ambystoma laterale Hallowell), and fairy slirimp (Eubranchipus spp.) (Mahaney and
Klemens, 2007)9. Semlitsch (1998) offered evidence to support the biological
importance of protective buffers around breeding pools (hereafter called "permit zones").
Researchers have expressed concern, however, that conservation efforts focused only on
breeding pools may be inadequate to protect functional connectivity between the discrete
habitat requirements of pool-breeding amphibians (Dodd and Cade, 1998; Porej et al.,
2004; Calhoun et al., 2005; Baldwin et al., 2006; Rittenhouse and Semlitsch, 2007;
Harper et al., 2008). Rittenhouse and Semlitsch (2007) conducted a meta-analysis of
thirteen published radiotelemetry studies and found that only 50% of amphibians

Maine's new law does not actually prohibit development within this 250-ft zone, but rather requires a
permit, hence our use of the term "permit zone". As a first investigation into the possible effectiveness of
the law, we have treated it as a "no development" buffer zone, thereby assuming the law is as effective as
possible. Thus our modeling reflects an optimistic prediction of the effectiveness of the new law.
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occurred within 93 m of wetlands and that to encompass 95% of amphibians' terrestrial
habitat, a buffer of 664 m would be required. This paper attempts to assess the likely
effectiveness of Maine's new law in particular, and of the approach of vernal pool permit
zones in general, at maintaining landscape permeability for wood frogs (Rana sylvatica),
a vernal pool indicator species.
Wood frogs are an ideal indicator species for assessing local habitat connectivity,
as they breed in vernal pools and have complex habitat requirements that are
representative of many other amphibian species (Petranka, 1998; Hunter et al., 1999;
Semlitsch, 2000). Other pool-breeding species in our region require a subset of the
habitat requirements of wood frogs (Hunter et al., 1999), so protection of wood frogs'
habitat requirements is likely to benefit other pool-breeding species as well. After
breeding, wood frogs typically undergo overland migrations of over 100 m (Semlitsch
and Bodie, 2003; Baldwin et al., 2006) to summer habitat of moist, forested areas
(Vasconcelos and Calhoun, 2004; Baldwin et al., 2006) and winter in well-drained upland
forest (Regosin et al., 2003). Juvenile dispersers can travel distances exceeding 1000 m
and play a critical role in recolonization after a local extinction and in facilitating genetic
exchange (Berven and Grudzien, 1990; Gamble et al., 2007).

2.2.2. Background on amphibian conservation
Conservation of vernal pool-breeding amphibians is challenging due to their
complex life histories requiring access to distinct seasonal habitats. Pool-breeding
amphibians use breeding pools for a brief period and then migrate to adjacent forested
habitat for foraging and overwintering (Semlitsch, 2000). Conservation planning for
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these multiple, yet spatially discrete habitat requirements may be particularly challenging
in human-dominated landscapes (Calhoun et al., 2005; Baldwin et al., 2006).
Due to the relatively limited vagility of amphibians, fragmentation of habitat due to
urbanization may pose a particularly serious threat to their population persistence
(Cushman, 2006; Hamer and McDonnell, 2008; Pillsbury and Miller, 2008; Dixo et al.,
2009; McKinney and Charpentier, 2009). Roads (Gibbs, 1998a; Gibbs and Shriver,
2005; Semlitsch et al, 2007; Eigenbrod et al., 2008; Glista and DeVault, 2008) and urban
development (Riley et al., 2005; Gagne and Fahrig, 2007; Pillsbury and Miller, 2008;
McKinney and Charpentier, 2009), for example, have been found to impact amphibian
populations negatively. Many researchers have emphasized the threat to amphibians
posed by fragmentation and the importance of landscape permeability. Kolozsvary and
Swihart (1999) and Guerry and Hunter (2002) found that several species of amphibians
displayed significant responses to fragmentation induced by agriculture. Gibbs (1998b)
and Homan et al. (2004) identified thresholds of forest cover, below which several
species of woodland amphibians are not found. Lehtinen et al. (1999) found amphibian
species abundance to be positively correlated with site isolation and negatively correlated
with measures of fragmentation such as road density and proportions of neighboring
agricultural and urban land. Becker et al. (2007) found amphibian species richness to be
negatively associated with several measures of fragmentation. McKinney and
Charpentier (2009) found a significant relationship between urbanization and loss of
wetlands.
Vernal pool-breeding amphibians may be particularly vulnerable for a variety of
reasons. The small size of most vernal pools prevents them from receiving protection
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under most size-based wetland regulations (Preisser et al., 2000; Snodgrass et al., 2000;
Calhoun et al., 2005). In a New England (USA) study region Baldwin and deMaynadier
(2009) found that 46% of potential breeding pools and 80% of adjacent non-breeding
habitat were unprotected and report at least some threat from development in roughly half
of the region. Harper et al. (2008) suggested that the short life span and high fecundity of
wood frogs make them particularly vulnerable to habitat loss and isolation, while the
lower fecundity of spotted salamanders (A. maculatum) makes them sensitive to habitat
degradation that affects adult survival. Pillsbury and Miller (2008) found that, of nine
anuran species studied, those most affected by urbanization are species that require
access to post-breeding upland habitats and that breed in short hydroperiod pools. These
characteristics accurately describe vernal pool-breeding species, further suggesting that
urbanization and fragmentation pose a serious threat to these populations.
Concerns such as these suggest the need for multi-scale conservation planning.
Species-environment relationships and the interaction between environmental patterns
may differ greatly across scales (Cushman and McGarigal, 2003; 2004; Bosch et al.,
2004), so conservation targeting only a single scale (e.g., breeding pools) may provide
insufficient protection for species with complex life cycles. For wood frogs, the pool
depression itself may represent one important scale, while adult migration distances may
define another scale, and juvenile dispersal distances may define yet another. Cushman
(2006) stressed the need for species-specific multi-scale assessments of the mechanisms
underlying the patterns of distribution and abundance of amphibian populations. He and
others (Lehtinen et al., 1999; Semlitsch, 2000; Calhoun et al., 2005; Baldwin et al., 2006;
Rittenhouse and Semlitsch, 2007; Hamer and McDonnell, 2008) have suggested that
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landscape connectivity between different habitat elements may be one such mechanism
for pool-breeding amphibians.
Two additional spatial considerations complicate conservation planning for species
with complex life cycles. The first is that different jurisdictions may have different
conservation and growth management policies in place and these may interact with and
alter the effectiveness of terrestrial permit zones. Zoning, maximum density
requirements, or open space requirements, for example, may produce dramatically
different landscapes that could enhance or impair the effectiveness of vernal pool
conservation efforts (Freeman and Bell, 2009). To explore this possibility, we included
an examination of the effects of different levels of open space requirements in
subdivisions in our analysis. Second, vernal pools often occur in clusters, and the degree
of clustering may vary spatially (Petranka et al., 2004). Through a series of simulated
vernal pool distributions, we also examined the extent to which our results are sensitive
to the degree of clustering of pools. As these factors may vary widely across and within
jurisdictions, it is possible that the impacts of permit zones may be spatially
heterogeneous.
2.2.3. Background on economic models of land conversion
Economists frequently use parcel-level models of land conversion to identify
potential drivers of conversion and to predict future landscapes resulting from various
policies (Bockstael, 1996; Irwin et al., 2003; Carrion-Flores and Irwin, 2004; Lewis and
Plantinga 2007; Lewis et al., 2009). These models typically assume that each landowner
attempts to maximize the net returns (returns less conversion costs) from the use of
his/her land. Thus a parcel is expected to be converted to a different use when relative
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returns change and an alternative use becomes more profitable than the current use. For
example, as residential development spreads further into formerly rural lands, farmers
may find that the value of their land for residential development increases to the point
that it exceeds the value in agriculture, thus enticing farmers to sell or develop their land.
A key contribution of this line of research has been the facilitation of interdisciplinary
work integrating economic models of land use change with ecological models of the
environmental responses to such change (e.g. Bockstael, 1996; Palmer et al., 2002; Lewis
and Plantinga, 2007; Wu and Irwin, 2008). The economic component in these models
explicitly accounts for the spatial heterogeneity in returns to development, offering
important information as to the likely responses of landowners to different policies
affecting their land.
In this approach the probability of conversion is typically modeled as the
probability that the net returns from one particular land use exceed those of all other uses.
Since not all factors influencing conversion will be observable to the researcher, the
probability is typically specified to include a systematic (observed) portion, V, and a
random (unobserved) portion, r\. Thus the probability that a parcel will be converted to
another use becomes a function of the difference between these observed and unobserved
components in the current and alternative states. Since these components are not
observed directly and interest is often focused on conversion from undeveloped to
developed uses, the problem is commonly cast as a latent regression model, in which net
returns are specified as the product of exogenous parcel characteristics (X) and a set of
parameters to be estimated (6). Specifically, the unobserved net return from converting
parcel j from undeveloped (u) to residential use (r) at time t, yp*, becomes (eq. 3)
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(3)

Simplifying further by setting 8jt equal to f\jrt-t]jut and Xjtp equal to (Xjt(8r- Gu)), yjt* can be
written such that:
yjt* = Xjtp + 6jt.

(4)

When combined with what we do observe, y, whether or not the parcel has been
converted to residential use, this expression provides the basis for a binary discrete choice
model:
yjt=lifyJt*>0

(5)

yjt=0ifyjt*<0
prob(yjt= 1) = prob(ejt< XjtP) = F(sjt)
If the error term in (4) and (5) is assumed to have a standard normal distribution (F), the
model becomes a probit model.
A typical assumption in parcel-level economic models is that when a parcel
changes land uses, the entire parcel is converted to the new use (see, e.g., Bockstael,
1996; Irwin et al., 2003; Lewis and Plantinga, 2007). In many jurisdictions, however, a
certain percentage of each subdivided parcel is required to be set aside as open space.
Although this open space is within a residential subdivision, it may represent viable
habitat for certain species of wildlife, particularly those with relatively limited mobility
such as wood frogs. Furthermore our previous research suggests that subdivision open
space requirements, which may vary widely, may interact with and alter the effectiveness
of terrestrial permit zones (Freeman and Bell, 2009). Thus the amount, location and
configuration of open space within subdivisions may be important considerations for land
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managers attempting to balance demands for residential growth and wildlife
conservation.
We employed an economic model of the conversion of undeveloped parcels to
predict those that are most likely to be developed in the near future. As a preliminary
investigation into the importance of subdivision open space location, we developed a
simple mechanism for the placement of houses and open space in subdivided parcels,
based on the assumption of cost-minimization on the part of developers. We used the
results of our economic modeling to predict alternative future landscapes under various
policy scenarios and assessed each landscape in a landscape permeability model for wood
frogs. In doing so we assessed the effectiveness of permit zones around vernal pools and
the impact of different open space requirements in subdivisions at maintaining landscape
permeability between habitat elements.
2.2.4. Background on landscape permeability models
The notion of landscape permeability, or functional connectivity, explicitly
incorporates the heterogeneity of the matrix and the different resistances to travel offered
by the various land uses in this complex mosaic (Ricketts, 2001). One approach to
assessing functional connectivity between habitat requirements is a landscape
permeability model based on a cost or friction surface. Landscape permeability models
typically begin with raster land use maps, for which each grid cell is assigned a "cost" or
"friction" value that represents the cost to the animal of traveling across that cell on the
landscape. Typically core habitat areas are identified, with the goal being to estimate the
permeability of the landscape between these core areas.
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Schippers et al. (1996) used such an approach to simulate dispersal of European
badgers (Meles meles) with a random-walk model to assess the permeability of a
landscape in the Netherlands. Others have used GIS-based "Cost-weighted distance"
functions to identify areas of permeability. For example, this approach has been used to
examine permeability for the common toad {Bufo bufo) and Alpine newt {Triturus
alpestris) in Geneva, Switzerland (Ray et al., 2002); large carnivores in Washington
(Singleton et al., 2002); grizzly bears (Ursus arctos) in Washington and southwestern
British Columbia (Singleton et al., 2004); the common toad {Bufo bufo) in France (Joly et
al., 2003); three focal species in Scotland (Hope et al., 2006); desertification in China
(Sun et al., 2007); and invasive eastern gray squirrels in British Columbia (Gonzales and
Gergel, 2007). Compton et al. (2007) combined a least-cost approach with a kernel
estimator to assess permeability for four ambystomatid salamanders in Massachusetts.
Sensitivity analyses suggest that the results of these models are relatively robust to the
cost values assigned to different land use types as long as the relative values between
types remain consistent (Schadt et al., 2002; Compton et al., 2007). A key advantage of
these models is their ability to account for not only the distance between habitat
requirements, but also the composition and configuration of the matrix between habitat
requirements.
We assessed permeability of our alternative future landscapes at three scales based
on wood frogs' life history: (1) permeability between breeding pools; (2) permeability
between breeding pools and non-breeding (summer) habitat; and (3) permeability
between clusters of breeding pools. Permeability between breeding pools may be
important for emerging juveniles and for adults traveling between pools or seeking new
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breeding sites (e.g., due to beaver activity (Petranka et al., 2004)). Adults typically
undertake annual post-breeding migrations in which they leave breeding pools for forest
or forested wetlands for the summer and overwinter in well-drained upland forest
(Heatwole, 1961; Bellis, 1965; Stockwell and Hunter, 1989; Regosin et al., 2003;
Vasconcelos and Calhoun, 2004). They exhibit strong breeding site fidelity (Berven and
Grudzien, 1990; Vasconcelos and Calhoun, 2004; although see Petranka and Holbrook,
2006), so the permeability of the landscape between breeding and non-breeding habitat is
critical to enabling annual seasonal migrations. We defined non-breeding habitat as
forested wetlands, based on the results of Vasconcelos and Calhoun (2004) and Baldwin
et al. (2006). Ideally we would have liked to examine connectivity between breeding,
summer, and winter habitat. Wood frogs are thought to overwinter in well-drained
upland forest (Heatwole, 1961; Bellis, 1965; Regosin et al., 2003). Unfortunately
available GIS soil data are not at a fine enough scale to identify winter habitat with
adequate precision. Thus we refer to connectivity between breeding and non-breeding
habitat as pool-to-PFO (forested wetland) connectivity, though it more accurately
describes connectivity between breeding and summer habitat. Permeability between
clusters of pools may be most important for dispersing juveniles. Juvenile dispersal is
thought to contribute to genetic exchange and recolonization after local extinction events
(Marsh and Trenham, 2001). In a mark-recapture study in Virginia, Berven and Grudzien
(1990) found that 18% of recaptured juvenile wood frogs underwent long-distance
dispersal. Individuals such as these may well travel from one pool cluster to another.
Harper et al. (2008) reported increased probability of extinction when wood frog
populations are functionally isolated from other breeding populations.
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We defined functional connectivity between breeding pools and between breeding
and summer habitat based on adult migration distance. Thus we focused on adults either
seeking new breeding pools or migrating between breeding and summer habitat. While
adult wood frogs have been found to show high breeding site fidelity in relatively
undisturbed landscapes (Berven and Grudzien, 1990; Vasconcelos and Calhoun, 2004),
recent research suggests that under some circumstances, such as habitat disturbance or
fish invasion, they will seek new breeding sites (Petranka et al., 2004; Petranka and
Holbrook, 2006). In a rapidly urbanizing landscape such as our study area, it is entirely
plausible that breeding pools will be destroyed, thus forcing adults to seek new breeding
sites. Thus we based our definition of functional connectivity on a maximum adult
migration distance of 340 m (~ 1,114 ft), the maximum migration recorded in a recent
radiotelemetry study of adult wood frogs in southern Maine (Baldwin, 2005). For
assessing permeability between clusters of ponds we used the mean dispersal distance
reported by Berven and Grudzien (1990) of-1200 m (~3,937 ft). We used the maximum
migration distance for adults and the mean dispersal distance for juveniles because
juvenile dispersal is a less common, but more critical, event. We assumed that defining
permeability based on a maximum reported dispersal distance was far less likely to
ensure adequate connectivity between populations. We did, however, explore different
migration and dispersal distances in our sensitivity analysis.
2.2.5. Objectives
The objectives of this study are to: 1) assess the likely effectiveness of vernal pool
permit zones at maintaining landscape permeability for wood frogs at three different
scales; 2) assess the degree to which different open space requirements in subdivisions
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may alter the effectiveness of vernal pool permit zones; and 3) assess the extent to which
these results are sensitive to the degree of clustering of vernal pools. In combining an
economic model of land use change with a landscape permeability model for three
biologically relevant scales, we hope to contribute to the understanding of the
effectiveness of vernal pool permit zones to pool-breeding amphibian conservation and of
the reasons for which their effectiveness may vary spatially.

2.3. Methods
2.3.1. Study area
This study focused on the town of Falmouth in southern Maine (Figure 2.1)
because of the availability of both mapped vernal pool data and parcel-level GIS tax
assessment and zoning data. Falmouth has experienced rapid growth in population and
housing in recent years, in part due to its close proximity to a major employment center,
Portland, Maine, and its desirable coastal location. Nonetheless its inland areas are
largely rural, with limited agricultural lands interspersed throughout a largely forested
landscape. It is thus representative of many communities at the rural-urban interface that
are experiencing rapid residential development in many parts of the country.
2.3.2. Data
Falmouth town officials provided much of the data needed for our work,
including GIS parcel, zoning, natural resource, and infrastructure maps that could be
linked to tax assessment data. The 1996 and 2005 parcel maps consisted of 4,155 and
4,964 parcels, respectively. The tax assessor's database provided information on
ownership, land type, and conservation status, which was used to identify parcels that
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were available for development. We acquired other necessary GIS layers from the Maine
Office of GIS (MEGIS, 2007), including soil type, National Wetlands Inventory (NWI)
wetlands, an orthophoto, and a digital elevation model.

Figure 2.1. Map of Falmouth's location in southern Maine
New England. TJ.S.A.

Falmouth

Area of detail

Portland

Falmouth is one of the few towns in our region to have conducted an inventory of
its vernal pools. In 2002, it hired a private consulting firm to producel: 12,000 color
infrared stereophotos of the town. The images were photointerpreted and potential vernal
pools digitized by a wetland scientist. Upon field verification of a subset of the potential
pools in the fall of 2002, the firm found a commission error rate of about 9% and an
omission error rate of about 30%. This result was consistent with their vernal pool
mapping efforts in other southern Maine towns, and we used this potential vernal pool
layer in our analysis.
The data required for a landscape permeability model consist of a land cover map
and information to parameterize the model (i.e. assign cost coefficients to each cover
type). We used the 1993 land cover map from the Maine Gap Analysis (Hepinstall et al.,

59

1999) as a proxy for 1996 land cover and the 2004 Maine Land Cover Dataset (Smith et
al., 2006) as a proxy for 2005 land cover. While the land cover images are not exact
temporal matches to the desired years, they are the closest matches available and should
represent the desired land cover reasonably well. There is also a difference in the
resolution of the two land cover layers (30 m for Gap, 5 m for MELCD). The Gap layer
was only used to calculate variables used in estimating the economic model (e.g. percent
forest cover surrounding each parcel). The MELCD layer was used to calculate these
same variables in 2005 for the purposes of prediction, so this difference in resolution may
introduce some error. However we did not perform any resampling between the two
datasets, and we only used MELCD for the landscape permeability analysis. In order to
be sure to capture small but important landscape features, such as roads and buildings,
that are often missed by satellite imagery, we overlaid vector GIS layers for these
features, as well as National Wetlands Inventory (NWI) polygons from the Maine Office
of GIS (MEGIS, 2007) onto the land cover layers.
2.3.3. Alternative future landscapes
We produced alternative future landscapes based on a binary discrete-choice
economic model of the conversion of undeveloped parcels to residential use. We
estimated the model using the Bayesian Gibbs Sampler described in LeSage (2000) to
account for spatial error autocorrelation, which might arise due to omitted, but important,
explanatory variables (Anselin, 2002). In this specification the error term in (4) becomes
e = lWe + u,

w~N(0, a 2 )

(5)
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where X is a spatial autoregressive parameter to be estimated and W is a spatial weights
matrix defining spatial "neighbors" based on contiguity10. Thus the error term consists of
a normally distributed stochastic component and a deterministic component related to
neighboring error terms11. We estimated the parcel-level model on the time period from
1996-2005. We focused only on conversion to residential use, as over 90% of all new
development was residential during the study period (unpubl. data).
The parameter estimates from the parcel-level model enabled us to predict future
conversion probabilities for each parcel in the study area. We assumed the parcels with
the highest conversion probabilities would be developed, but varying open space and
vernal pool permit zone scenarios mean that a parcel may have different numbers of
developable lots in different scenarios. For each future scenario, we assumed enough
parcels would be converted to hold 1,600 additional houses, an amount consistent with
the projected household growth rate extrapolated to roughly the year 2035 in our focal
town (MESPO, 2003). Thus the future landscapes each represent the same amount of
development but demonstrate different development patterns that are likely to result from
the different policies.
We assumed developers wish to minimize the cost of developing a parcel and so,
when faced with an open space requirement, are likely to locate houses close to existing
roads and other infrastructure, an assumption largely supported by our numerous
interviews with planners, landscape architects, and developers. Thus we used a second

10
We used Matlab code for Bayesian Gibbs sampling estimation of probit models and convergence
diagnostics from LeSage's Spatial Econometrics Toolbox for Matlab. The contiguity matrix was created
using the function "xy2cont". We also tried constructing weights matrices using nearest neighbor rules,
varying the number of neighbors from one to five. The contiguity rule produced models with slightly
higher pseudo-R-squares, so we use that form for the weights matrix. Further explanation and
documentation are available at www.spatial-econometrics.com.
11
Further details on the economic model are available in Freeman and Bell, 2009.
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spatial probit model of house location at the cell-level, conditional on the parcel being
developed12, to predict the location of houses for parcels chosen for development in the
open space scenarios. In the scenarios in which no open space was required, we assumed
each parcel would be built at its maximum density under existing zoning, so that the
entire parcel became developed.
In addition to the baseline (2005) landscape, we examined nine alternative future
landscapes representing different scenarios. We modeled three vernal pool permit zone
scenarios: (1) the absence of any vernal pool permit zones; (2) a 250-ft permit zone
around half of pools, chosen at random13; and (3) a 250-ft permit zone around all pools.
Our permit zone scenarios represent a continuum ranging from no protection to complete
protection, with our best estimate of the effects of Maine's new law represented in
scenario 2. For each of the above three permit zone scenarios, we predicted landscapes
under assumptions of 0%, 25%, and 50% open space in subdivisions, with house and
open space location determined by the process described above. Thus our nine future
landscapes examine the effectiveness of vernal pool permit zones, open space
requirements, and the interaction between the two, at protecting landscape permeability
for wood frogs.

We acknowledge the likely endogeneity in this approach. Developers are likely to consider suitable
housing sites when choosing a parcel for purchase or development, so our conditional approach is not
optimal. We simply use it here to demonstrate that the location of houses and open space within
subdivisions may be important considerations. Further details on the cell-level model are available from
the authors upon request. A hierarchical approach may be more appropriate and is an interesting direction
for future research.
13
It has been estimated that roughly half of the pools in Maine will be defined as significant (Dr. Aram
Calhoun, pers. comm.). In the absence of field data indicating which pools will meet this definition, we
simply choose half at random.
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2.3.4. Landscape permeability model
The cost values for the habitat types in the landscape permeability model were
assigned after consultation with local wetland ecologists and herpetologists (Table 2.1).
These values reflect the relative cost to wood frogs of traversing different types of
habitat, and the maximum migration distance may be thought of as the animal's total
energy budget. Since wood frogs are forest and wetland specialists, these cells receive
the lowest cost of 1, indicating that wood frogs could travel the maximum distance of 340
m in uninterrupted habitat of forest and wetland. Clearcut/scrub/shrub has a cost value of
5, indicating that traversing a unit of this land type "costs" five times as much. Hence,
the model assumes that the maximum distance an individual could travel in
clearcut/scrub/shrub would be 340/5 = 68 m. Since each cell on the land cover image
represents 5 m, traversing one cell of this type of habitat would cost 5x5 = 25 m.
Interstates, then, which have a cost value of 100, are treated as absolute barriers to travel,
as crossing one cell would exceed the total energy budget available.
We executed the model using Arc GIS 9.2's "cost-weighted distance" function
(ESRI, 2006), which identifies the area around each source pool within which an
individual is expected to be able to travel (hereafter referred to as cost-distance bands),
given a maximum travel distance. In order to assess the results quantitatively, we used
Fragstats software14 to calculate landscape metrics on the cost-distance bands. By
calculating the metrics only on the cost-distance bands (i.e. by defining these bands as
patches), we were able to make indirect use of the cost surface from the landscape maps,

14

Fragstats is a software program produced by authors at the University of Massachusetts, Amherst.
Further details, documentation, and software download are available at the following web site:
www.umass.edu/landeco/research/fragstats/fragstats.html.
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Table 2.1. Cost values used in landscape permeability
Maine Land Cover Dataset (MELCD)
description (ref. #)
(Smith et al., 2006)
Deciduous forest (9)
Evergreen forest (10)
Mixed forest (11)
Light partial cut [<50% canopy removed] (24)
Wetland forest (13)
Wetlands (15)
Heavy partial cut [>50% canopy removed] (25)
Regenerating forest [seedling to sapling] (26)
Recent clearcut [>90% canopy removed] (23)
Scrub/shrub (12)
Pasture/hay (7)
Grassland/herbaceous (8)
Unconsolidated shore (19)
Developed open space [<20% imperv.] (5)
Cultivated crops (6)
Low intensity developed [21-49% impervious] (4)
Bare land (20)
Med. intensity developed [50-79% impervious] (3)
High intensity developed [>80% impervious] (2)
Roads/runways (16)
Other vector layers overlaid onto MELCD
Minor road
Major road

Interstates

model
Reclassified
Description

Cost/
Friction
Value

Forest/
Wetlands

1

Recently cut
forest
Clearcut/ scrub/
shrub
Field

3

Uncons. Shore
Lawn/crops

7
9

Devel. - low
Bare Land
Devel. - med.
Devel. - high

11
15
15
20

Neighborhood/
connector road
Highway/maj or
artery across or
through town
1-95 or Turnpike

15

5
7

20

100

something Fragstats cannot do directly. We examined several of the metrics available in
Fragstats to summarize aspects of patch configuration and composition but found that the
interpretations of their results were very similar. Furthermore our primary interest in this
study is in functional connectivity between specific habitat requirements. The costdistance bands (patches) created in GIS already make use of the resistance of the
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landscape and are centered on the habitat requirements themselves. As such, overlap
between these bands may be interpreted as indicative of functional connectivity between
habitat requirements. Therefore we present here two metrics that are the easiest to
interpret, number of patches and mean patch area. The interpretation of the metrics
differs at different scales, so we discuss each scale separately below.
2.3.4.1. Permeability between breeding pools
For each landscape, the permeability model creates a cost-weighted 170 mequivalent zone (cost-distance band) around each breeding pool, taking into account the
composition of the surrounding terrestrial habitat. When two bands overlap, the two
pools are within the maximum migration distance of 340 m, thus indicating functional
connectivity. We treated these cost-distance bands as patches. Thus the band around a
single isolated pool that is not functionally connected to any other pool would represent a
single patch. Alternatively, overlapping bands, indicating functional connectivity around
two or more pools, would also be treated as a single patch (see Figure 2.2). When new
development fragments the landscape, breaking the connectivity between pools, a single
patch becomes two or more. Thus a higher number of patches (NP), relative to the
baseline, indicates more fragmentation. Development may also reduce mean patch area
(MN_AR) by encroaching on breeding habitat and reducing the size of the cost-distance
bands. Thus smaller values of MN_AR, which is reported in hectares, indicate less
available habitat.
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Figure 2.2. Examples of patches for pool-to-pool connectivity metrics: a) one overlapping
jatch connecting two pools; b) two fragmented patches
a)

b

o

|

1

o

2.3.4.2. Permeability between breeding and non-breeding habitat
We assessed connectivity between breeding and non-breeding (summer) habitat
using the same two metrics, number of patches (NP) and mean patch area (MN_AR). In
this case we performed two cost-distance calculations, one around vernal pools and one
around forested wetlands. Because we were interested only in cases where breeding
pools and forested wetlands were functionally connected, we defined patches only as the
areas of overlap between these two sets of cost-distance bands (Figure 2.3).
In this case, the interpretation of the landscape metrics is somewhat ambiguous.
A greater number of patches may indicate more functional connections between vernal
pools and forested wetlands, so that reductions in NP due to development would indicate
the loss of connections due to fragmentation. However it is also possible that a single
patch representing the connection between, for example, two vernal pools and two
forested wetlands may be fragmented into two separate pool-to-PFO connections. In this
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Figure 2.3. Example of patch for pool-to-PFO connectivity

case, while the metric NP will be higher, there has actually been more fragmentation. For
the metric, MN_AR, development could reduce the area of patches, thereby reducing
MN_AR, or it could eliminate some of the smaller patches, leaving the larger ones intact,
thereby increasing MN_AR. The interpretation of these metrics is more meaningful if
done in the context of one another. If NP decreases and MN_AR increases, it is likely
that smaller patches have been lost, while increases in NP coinciding with decreases in
MN_AR suggest fragmentation of patches.
2.3.4.3. Permeability between clusters of vernal pools
We assessed permeability between clusters of pools using the same two metrics,
number of patches (NP) and mean patch area (MN_AR), and their interpretations are
basically the same as for pool-to-pool permeability. Higher numbers of patches, relative
to the baseline, indicate more fragmentation, and smaller average patch sizes indicate a
reduction in accessible habitat. Our conceptual definition of what constitutes a cluster of
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pools is that they lie within the maximum adult migration distance (340 m) of one
another. In practice, this definition is irrelevant, as the cost distance function in ArcGIS
simply begins measuring from each individual pool. Thus pools (and clusters of pools)
that are functionally connected within the maximum cost-distance of 1200 m (defined by
juvenile dispersal) are within a single cost-distance band. In this case, reductions in the
number of patches indicate that a population has been isolated from an entire cluster,
reducing the chances of recolonization after local extinction.
2.3.5. Sensitivity analysis/clustering of pools
We examined the sensitivity of our results to two key assumptions in the
landscape permeability model, the maximum migration distance and the cost coefficients
assigned to the land cover types. In practice, doubling the maximum migration distance
produces exactly the same outcome as halving the cost coefficients and vice versa. For
example, if an individual is assumed to be able to travel a maximum of 340 m but it must
travel across a landscape with a cost coefficient of 10, it can actually only travel 34 m.
Doubling its migration distance to 680 m or halving the cost coefficient to 5 would
produce the same result, that the individual may now travel 68m. Therefore we were able
to test sensitivity to both assumptions simultaneously. Our primary results are based on
the Baldwin et al. (2006) result of a maximum migration length of 340 meters. In the
same study, the median migration distance for adults was -170 meters. Our sensitivity
analysis repeats the permeability results under assumptions of 170 meters and 680
meters, or half and double the original assumption, respectively. Alternatively these two
assumptions may be viewed as representing a doubling and a halving, respectively, of the
cost coefficients assigned to land cover types.
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We also hypothesized that our results may be sensitive to the degree of clustering
in our breeding pools. The Z-score of a nearest neighbor test of the vernal pools in our
dataset indicated significant clustering (z = -7.49, p<0.01). If pools occur in several
distinct clusters, we might expect that the 250 ft (76 m) permit zones around pools would
protect permeability between breeding pools very well. Alternatively the proximity of
several pools within a cluster may place them at greater risk of fragmentation due to
development. For pools that are more dispersed, the results could be very different.
To test the importance of the degree of clustering of pools, we first fit a
homogeneous Matern Cluster process model to the actual vernal pools in undeveloped
portions of our study town (Matern, 1986) using the function "kppm" in R software's
Spatstat package (Baddeley and Turner, 2005). We masked out developed areas
because there are no vernal pools in those areas, although we strongly suspect there were
prior to development. We then used the function "rMatClust" to create seven simulated
vernal pool layers with varying degrees of clustering. For each simulation, we varied the
parameters controlling the intensity of cluster centers and the number of pools per cluster
to produce different degrees of clustering, while forcing pool density to equal the actual
pool density in undeveloped areas our focal town (3.14/km2)16. The simulations included
a regular distribution (representing spatial repulsion, the opposite of clustering), a random

15
The R software and spatstat packages and documentation are available for download at: http://www.rproiect.org/.
16
The function, "rMatClust" simulates a Matern Cluster process model by generating a uniform Poisson
point process of "parent" points with intensity lambda. Each parent point is then replaced by a random
cluster of points, with the number of points in each cluster being drawn from a Poisson distribution and
having mean mu. We created the simulations by varying lambda and mu. For instance, to create the least
clustered distribution, "clus2", we set lambda equal to half of the actual vernal pool intensity and set mu
equal to 2. Thus we end up with approximately the same density and number of pools in each simulation as
actually exist in the study town. We created repeated simulations until the number of pools was within five
of the actual number of pools in Falmouth (n=143).
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distribution, and five clustered distributions, with increasing degrees of clustering.
Nearest neighbor Z-scores from our simulated distributions ranged from +20.4 for the
regular pattern (a positive Z-score indicating repulsion) to -0.5 for the random
distribution (a Z-score near zero indicating random distribution) to -10.1 for the most
clustered distribution (a negative Z-score indicating clustering). We then repeated our
projections of future development and permeability analysis using the actual land cover
in our study town for each simulated pool distribution. For these scenarios, we assumed
no open space requirement and that half of all pools, chosen at random, would be
protected. In doing so, we hoped to match our best guess as to how many pools would be
jurisdictional under Maine's new law and to avoid any confounding effects from open
space requirements.

2.4. Results
2.4.1. Permeability between breeding pools
The results of the pool-to-pool permeability metrics on the predicted future
landscapes are shown in Table 2.2. In 2005, the baseline landscape, there are 57 patches
with a mean patch area of 111.83 ha. All future scenarios have larger numbers of patches
and smaller mean patch areas, indicating that the original 57 patches have been
fragmented into smaller, less connected patches. As for the effectiveness of vernal pool
permit zones, the protection of half of pools clearly represents an improvement over the
lack of any protection. Protecting half of pools consistently produces fewer fragmented
patches (i.e. smaller increases in NP) and smaller reductions in patch size than the
scenarios that lack permit zones. Nonetheless, when half of pools are protected and open
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space requirements are 0% or 25%, very realistic scenarios for many Maine towns, eight
patches are fragmented and mean patch area is reduced by between 25 and 30 ha.
Including permit zones around all pools results in even fewer fragmented patches and
smaller reductions in patch size. Thus it appears that vernal pool permit zones do offer
Table 2.2. Pool-to-pool connectivity metrics on predicted future landscapes
Landscape/Scenario
No. Patches
Change in Mean Patch
Change in
(NP)
NP since
Area [ha]
MN_AR
2005
(MN_AR)
since 2005
2005 - baseline

57

—

—

111.83

2035 - No Permit Zones
No open space

73

+16

69.47

-42.36

25% open space

68

+11

77.81

-34.02

50% open space

63

+6

88.21

-23.62

No open space

65

+8

83.03

-28.80

25%> open space

65

+8

86.21

-25.62

50% open space

61

+4

94.55

-17.28

No open space

60

+3

93.91

-17.92

25% open space

59

+2

99.03

-12.80

50% open space

58

+1

101.55

-10.28

2035 - Protection of 50% of pools

2035 - Protection of all pools

some level of protection of connectivity between breeding pools, but that this protection
is imperfect.
Increasing requirements for open space in subdivisions generally produce
improved pool-to-pool permeability. With one exception, each higher level of open
space produces fewer fragmented patches and larger patch sizes, across all permit zone
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scenarios. The magnitude of the effects of increasing open space is greatest when no
permit zones exist and smallest when all pools are protected, suggesting that, to some
extent, open space may substitute for direct protection of pools. However, permit zones
are probably more effective, as including all pools, even with no open space, produces
better results than any of the no permit zone or half permit zone scenarios. It may be
better, then, to think of open space requirements as a policy that may complement vernal
pool protection efforts and alter their effectiveness in different regions.
2.4.2. Permeability between breeding and non-breeding habitat
The results of the permeability metrics between vernal pools and forested
wetlands (pool-to-PFO connectivity) are presented in Table 2.3. Interpretation of the
metrics here is a bit less intuitive. Recall that for the pool-to-PFO metrics, patches are
defined as the overlap between the two cost distance bands around vernal pools and
forested wetlands. Thus patches represent only connections between those two habitat
requirements.
When neither permit zones nor open space are required, the number of patches of
pool-to-PFO connectivity does not change, relative to the baseline, but mean patch area
decreases by 16.36 ha. The lack of change in NP may suggest that no patches of
connectivity were lost, but close examination of the map reveals a different story.
Several patches do actually disappear in this scenario, but other patches are fragmented
into two or more so that the total number of patches is unchanged. With 25% and 50%
open space, the number of patches decreases by 1 and 2 respectively, and mean patch
area decreases by 12.81 and 6.53 ha, respectively. Again the map reveals that while
some patches are lost in all three no permit zone scenarios, higher amounts of open space
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produce fewer fragmented patches and patches of larger size.

Table 2.3. Pool-to-PFO connectivity metrics on predicted future landscapes
Mn. Patch
Landscape/Scenario
No. Patches
Change
Area [ha]
inNP
(NP)
(MN_AR)
since
2005
2005 - baseline
35
68.58

Change in
MN_AR
since 2005

2035 - No Permit Zones
No open space

35

0

52.22

-16.36

25% open space

34

-1

55.77

-12.81

50%o open space

33

-2

62.05

-6.53

No open space

32

-3

62.10

-6.48

25% open space

33

-2

63.83

-4.75

50% open space

34

-1

64.84

-3.74

No open space

30

-5

68.96

0.38

25% open space

30

-5

71.51

2.93

50% open space

33

-2

67.18

-1.40

2035 - Protection of 50% of pools

2035 - Protection of all pools

When half of the pools are protected, the reduction in number of patches is 3, 2,
and 1 for the 0%, 25%, and 50% open space scenarios, respectively, while the reduction
in patch size is 6.48, 4.75, and 3.74 ha, respectively. There appears to be some
combination of loss of patches and fragmentation of other patches in all three scenarios,
making interpretation somewhat difficult. We may at least note that patch sizes are
slightly larger for increasing amounts of open space. Furthermore patch sizes are
consistently larger than for any of the no permit zone scenarios, suggesting that the
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regulation offers at least some protection for pool-to-PFO connectivity.
When all pools are protected, we see the largest reductions in NP of all future
landscapes in the 0% and 25% open space scenarios but also the largest patch sizes. The
generally greater reductions in number of patches in these scenarios appear to occur
because some patches that were fragmented in the no permit zone and half permit zone
scenarios remain intact when all pools are protected. The larger patch sizes support this
notion, suggesting that permit zones are at least somewhat effective at protecting
permeability between breeding and non-breeding habitat. As with pool-to-pool
connectivity, higher requirements of open space appear to supplement vernal pool
regulation at protecting pool-to-PFO permeability and may contribute to varying degrees
of effectiveness across jurisdictional boundaries.
2.4.3. Permeability between clusters of pools
The results of the permeability metrics between clusters of pools (cluster-tocluster connectivity) are presented in Table 2.4. The baseline landscape consists of 30
patches with a mean patch area of 800 ha. All future scenarios show higher numbers of
patches, indicating fragmentation, and smaller patch sizes, indicating loss of available
habitat. The results here show a clearer trend and are similar to those for the pool-to-pool
metrics. The greatest amount of fragmentation and the greatest reductions in mean patch
size occur when no permit zones exist. Protecting half of pools produces smaller changes
in both NP and MN_AR than the lack of permit zones, and protecting all pools produces
further improvements. Higher amounts of open space also offer improved permeability,
but again permit zones are probably more effective than open space alone. For example,
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protecting all pools and requiring no open space produces very similar results to no
protection zones with 50% open space.
Table 2.4. Cluster-to-Cluster connectivity metrics on predicted future landscapes (max.
dispersal = 1200m)
Landscape/Scenario
Mn. Patch
Change in
No. Patches
Change
Area [ha]
MN_AR
inNP
(NP)
(MNAR)
since 2005
since
2005
2005 - baseline

30

799.96

2035 - No Permit Zones
No open space

+7

541.42

-258.54

25% open space

+3

632.25

-167.70

50%> open space

+2

662.10

-137.86

2035 - Protection of 50% of pools
No open space
25% open space

34

+4

603.12

-196.84

33

+3

645.44

-154.51

50%) open space

31

+1

705.17

-94.79

No open space

32

+2

649.08

-150.88

25%o open space

31

+1

692.31

-107.64

50% open space

32

+2

677.34

-122.62

2035 - Protection of all pools

2.4.4. Sensitivity analysis
2.4.4.1. Varying maximum migration/dispersal distance and cost coefficients
We report the results of changing the maximum migration and dispersal distances
in Appendices A, B, and D. Recall that halving (doubling) the maximum migration or
dispersal distance equates to doubling (halving) the cost coefficients in the permeability
model, so we test both sets of assumptions here. Tables A. 1 and A.2 report pool-to-pool
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metrics for maximum migration distances of 170 m and 680 m, respectively. While the
values of the metrics change, the interpretation does not change substantially. Protecting
half of pools produces a more permeable landscape than the lack of permit zones, and
protecting all pools offers further improvements. In general, increasing the open space
requirement results in less fragmentation of patches and larger patch sizes.
The sensitivity analysis of the pool-to-PFO metrics (Tables B.l and B.2) reveals
some slightly different patterns under differing assumptions regarding maximum
migration distance. When the maximum travel is assumed to be only 170 m, there is
relatively little change in the metrics, as the 250-ft (~76 m) permit zone encompasses
more of the available habitat. The number of patches increases by two in each of the no
permit zone scenarios, by one in the half permit zone/no open space scenario, and not at
all in the remaining scenarios. Mean patch sizes generally increase with more permit
zones and with more open space. When the maximum migration is assumed to be 680 m,
there is more change in the metrics but they show the same somewhat puzzling pattern as
in section 2.3.2, suggesting some combination of patch destruction and fragmentation but
with no clear pattern. In general, the conclusions regarding permeability between
breeding and non-breeding habitat do not change from our sensitivity analysis. Permit
zones appear to offer some limited protection but fall short of ensuring connectivity
between these habitat elements.
Sensitivity analysis of cluster-to-cluster permeability (Appendix D) suggests that
our results are relatively robust to different assumptions regarding maximum dispersal
distance and cost coefficients. For dispersal distances of 800 m (Table D.l) and 1600 m
(Table D.2) permit zones around half of pools outperform the lack of permit zones, and
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protecting all pools generally offers further improvements. Increasing levels of open
space also seem to improve permeability in most cases, suggesting again that they may
complement vernal pool protection efforts to some extent.
2.4.4.2. Effects of degree of clustering of pools
Table C.l in Appendix C shows the pool-to-pool connectivity metrics for the
simulated vernal pool distributions, and Figures 2.4 and 2.5 graph the relationships
between the degree of clustering and change in NP and MN_AR, respectively. There are
143±5 pools in each simulation, so fewer patches indicate more functional connectivity
between pools. The regular distribution, for example, consists of 141 vernal pools at
regular intervals, with no two pool permit zones overlapping, so there are 141 patches.
As the degree of clustering increases, there are fewer patches because more of the permit
zones overlap. There is clearly a trend in the results, with increasing clustering
corresponding to increasing fragmentation (i.e. larger increases in the number of patches)
and larger reductions in mean patch area. This set of simulations suggests that as clusters
become larger and more interconnected, there is a greater chance that they may be
affected by development. The actual vernal pool distribution in our study town has a
mean nearest neighbor Z-score closest to the simulation with the Z-score of -7.6, so in
areas in which pools are either more clustered or more dispersed, connectivity may be
impacted differently than in our case.
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Figure 2.4. Relationship between degree
of clustering of pools and change in
number of patches for 2035 relative to
2005 (pool-to-pool metrics)

Figure 2.5. Relationship between degree
of clustering of pools and change in mean
patch area for 2035 relative to 2005
pool-to-pool metrics)
Change in MN_AR since
2005

Change in NP since 2005

20.4 -0.5 -3.5 -7.6 -8.3 -9.6 -10.1
-50

Mean Nearest Neighbor Z-score

Mean Nearest Neighbor Z-score

Table C.2 in Appendix C reports the results of the pool-to-PFO metrics for the
simulated vernal pool clusters, and Figures 2.6 and 2.7 graph these relationships. As with
the actual vernal pool locations, there is no clear trend in the pool-to-PFO metrics related
to the degree of clustering. There appears to be a tradeoff between the number of patches
and mean patch area, as the landscapes with the largest reductions in NP (random and
clus8) show the only increases in MN_AR. Meanwhile the landscapes with the smallest
reductions in NP (clus2 and clus 10) show the largest reductions in M N A R . Again this
suggests some combination of patch destruction and fragmentation but no clear
relationship to the degree of clustering of pools.
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Figure 2.6. Relationship between degree
of clustering of pools and change in
number of patches for 2035 relative to
2005 (pool-to-PFO metrics)

Figure 2.7. Relationship between degree
of clustering of pools and change in mean
patch area for 2035 relative to 2005
(pool-to-PFO metrics)
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Appendix E reports the cluster-to-cluster metrics for the simulated vernal pool
distributions, and Figures 2.8 and 2.9 graph these relationships. Again there is no clear
trend in these results, suggesting that the degree of clustering may have little effect on
cluster-to-cluster permeability. It is also possible, however, that clustering may be
important but that other factors, such as the distance between clusters or the density of
pools interacts with the degree of clustering, thereby confounding our results. Another
possibility is that our focal town is simply too small to test these effects. For the
purposes of sensitivity analysis, our simulations at least demonstrate the importance of
clustering for pool-to-pool connectivity even if they do not clarify its importance at
higher scales.

79

Figure 2.8. Relationship between degree
of clustering of pools and change in
number of patches for 2035 relative to
2005 (cluster-to-cluster metrics)

Figure 2.9. Relationship between degree
of clustering of pools and change in mean
patch area for 2035 relative to 2005
(cluster-to-cluster metrics)
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2.5. Discussion
Our results are consistent with those of other studies (Baldwin et al., 2006;
Rittenhouse and Semlitsch, 2007; Harper et al., 2008) in suggesting that terrestrial permit
zones around vernal pools are an important step in pool-breeding amphibian
conservation, but that they may not fully protect these populations. In terms of
demonstrating a pattern in the landscape metrics used, our results may be more
compelling at the pool-to-pool and cluster-to-cluster scales than at the pool-to-PFO scale.
At the pool-to-pool level, permit zones seem to be relatively effective, although they do
allow some fragmentation, as wood frogs can travel well beyond the limits of the zones.
There is certainly more fragmentation when only half of pools are jurisdictional rather
than all pools. Therefore for the Maine law and others that base protection on biological
criteria, the ability to protect the "right" pools is critical. This highlights the need for
better knowledge as to which pools are most productive, preferably over many years, as
well as a better understanding of when and why adults may switch breeding pools.
Protecting pools based on egg mass counts from a single year may do little good if adults
switch breeding pools in a subsequent year. At the cluster-to-cluster level, the patterns
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are similar to those at the pool-to-pool level, but the magnitude of the changes in the
number of patches is smaller. For example, with the exception of the no permit zone/no
open space scenario, all scenarios show changes in NP smaller than 5. It is important to
note, however, that at this level, increases in the number of patches mean an entire
population has been isolated from another population, thus decreasing or eliminating the
chances of recolonization after a local extinction. A relatively small number of such
events could have a significant impact on the population as a whole, particularly in wood
frogs, which have a short life span and high fecundity (Harper et al., 2008). Furthermore,
our study focuses on one relatively small town. This same pattern, if repeated over a
larger area, could have serious consequences on the species' probability of long-term
survival. This suggests some sort of landscape scale approach to maintaining corridors
between clusters of breeding pools. There is no clear pattern evident at the pool-to-PFO
scale, although there is evidence of fragmentation and loss of patches of connectivity.
This result highlights the fact that permit zones centered on breeding pools bear no
relationship to non-breeding habitat for wood frogs or other pool-breeding amphibians.
Thus additional conservation efforts aimed at protecting connectivity between breeding
and non-breeding habitat may be of critical importance.
It is also important to point out that our research demonstrates how the impacts of
a single conservation policy, such as terrestrial permit zones around vernal pools, may
vary spatially. Particularly in urbanizing areas, open space requirements for subdivisions
appear to complement permit zones by providing additional habitat for pool-breeding
amphibians. Although we held other zoning and growth management policies (e.g.
minimum lot size or maximum density requirements) constant in our model, they are also
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likely to cause permit zone effectiveness to vary across jurisdictional boundaries. The
degree of clustering of breeding pools appears to have some effect on landscape
permeability as well. Although our results were most conclusive at the pool-to-pool
scale, further research is needed across a larger area to investigate the importance of
clustering at higher levels. Nonetheless our results suggest that pool clustering, which
may vary widely across regions (Petranka et al., 2004), may cause the effectiveness of
permit zones to vary spatially as well.
Given the benefit provided by high open space requirements, they may appear to
be a suitable substitute for direct protection of vernal pools. In terms of the amount of
land subjected to regulation, however, vernal pool permit zones are certainly a less
restrictive policy than a high open space requirement. In most of our metrics,
permeability was similar for the 50% open space/no permit zone scenario and the 0%
open space/all pools protected scenario. The 50% open space scenario without permit
zones sets aside -1,932 acres of otherwise developable land, while the 250-ft permit
zone, if enforced around all vernal pools in town, many of which are on parcels which are
unlikely to be developed anyway, involves -381 acres. Thus while we suggest that open
space may enhance the effectiveness of permit zones, we do not suggest that it is a
suitable substitute if the goal is amphibian conservation.
We employed a simple, albeit hopefully realistic, method of locating houses and
open space within subdivisions. The results differed substantially across housing
patterns, even holding the amount of development and the vernal pool permit zone policy
constant. Further economic research could improve our understanding of how developers
decide where to build houses and where to locate open space within subdivisions. In
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turn, this may help identify policies that could encourage housing and open space patterns
that protect critical habitat and corridors of connectivity. While our method is admittedly
simple, we hope it serves to make the point that the location and configuration of open
space matters, particularly to less vagile species such as amphibians for which a relatively
small area may serve as critical habitat or may connect critical habitat requirements.
We suggest the need for a multi-scale approach to pool-breeding amphibian
conservation that addresses the different scales at which key biological processes operate
and that protects permeability between vital habitat elements at each scale. Further we
note that land use planning and conservation planning occur on the same landscape but
are often the responsibility of different government agencies. As we have demonstrated,
different policies may enhance or impair one another, so a multi-scale approach to
conservation necessitates a certain amount of cooperation and coordination among
government agencies and across all levels of government, federal, state, and local. We do
not pretend to offer a solution to this complex issue here, though we see promise in the
emerging concepts of conservation zoning (Arendt, 1996; 2004) and Green Infrastructure
(Benedict and McMahon, 2002; Tzoulas et al., 2007). Both concepts involve planning
proactively and across scales for a network of important ecological features, including
wildlife habitat and connectivity between these features, while leaving room for livable
residential communities. Similarly, our work has attempted to combine an economic
model of the behavior of people in land markets with a model of the wildlife responses to
human decisions. In addition to the multi-scale approach we have recommended, we
stress the importance of an interdisciplinary approach at addressing issues such as this
one that are economic, political, and ecological in nature.
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CHAPTER 3
HABITAT CONNECTIVITY IN CONSERVATION SUBDIVISIONS AND
CLUSTER SUBDIVISIONS

3.1. Abstract
There is concern that residential growth in suburban and exurban areas threatens
biodiversity by reducing and fragmenting habitat. Cluster Subdivisions, in which houses
are clustered on part of a parcel, leaving a portion as undeveloped open space, may
preserve some habitat, but there is growing recognition that they do little to ensure
connectivity between these open space areas. Conservation Subdivisions, in which open
space is designed around proactively identified areas of high ecological value, have been
proposed as a means to ensure a connected network of open space, thereby maintaining a
more permeable landscape for wildlife. In this paper we produce buildout scenarios for a
focal town under Cluster and Conservation Subdivision regulations and with varying
levels of open space requirements. For Cluster Subdivisions we assume subdivision
design is driven by cost-minimizing behavior on the part of developers, whereas for
Conservation Subdivisions, we assume developers are forced to design open space first,
based on our focal town's identified priorities. We also incorporate recently enacted
vernal pool protection legislation in Maine (USA) to assess this law's likely success as
well as its interaction with various zoning regulations. We assess the connectivity
resulting from the various policies using a multi-scale landscape permeability model for
wood frogs (Rana sylvatica), a vernal pool-breeding species. The results suggest that
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both higher levels of open space and vernal pool buffers tend to increase landscape
permeability, but that careful subdivision planning may to some extent be a suitable
substitute for either policy. Conservation Zoning is likely to produce a more permeable
landscape than Cluster Zoning under most scenarios, suggesting that the design of open
space may be at least as important as the quantity.

3.2. Introduction
Between 1982 and 2003 the amount of developed land in the U.S. increased by
over 48% (USDA NRCS, 2007), while population grew only 25%) over that same period
(USDC Census Bureau, 2003). This consumptive land use pattern is likely to continue in
coming decades. For example, Stein et al. (2005) projected that 18 million hectares of
rural private land in forested watersheds would be impacted by residential development
by 2030. White et al. (2009) projected the addition of 22 million hectares of developed
land in the U.S. between 2003 and 2030. Urban expansion has been shown to have
negative consequences for a region's water resources (Paul and Meyer, 2001; Morgan
and Cushman, 2005; Xian et al., 2007) and biodiversity (Theobald et al., 1997;
McKinney, 2002; DeStefano and DeGraaf, 2003; Hansen et al., 2005).
Concerns over such impacts have lead to increased interest in land use planning
tools to minimize the negative consequences of urbanization. One such tool that is
becoming increasingly common is the outright purchase of land or land easements (e.g.
conservation easements) by government or conservation groups. Between 1988 and
2008, for example, more than $54 billion was approved through state and local ballot
measures for land conservation, with the number of such ballot measures approved
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growing from 24 in 1988 to 127 in 2008 (TPL, 2008). Purchase of Development Rights
(PDRs) are a specific type of easement in which the right to develop land is purchased
and typically retired (WGA et al., 2001; VDACS, 2005). A similar planning tool for
conserving land in urbanizing landscapes is Transferable Development Rights (TDRs).
TDRs are a market-based approach in which development rights are traded in private
markets to achieve conservation of land in one area in exchange for development in
another area. They have been used in New Jersey, Maryland, and Georgia and have the
potential to provide economic rewards to landowners for sacrificing development rights
in areas targeted for conservation (Carter, 2009). While they have been at least
somewhat successful at conserving land in targeted areas (McConnell et al., 2006a), there
is evidence that they may have the potential to lead to lower-density development
(McConnell et al., 2006b), may under some circumstances increase overall development
(Levinson, 1997), and may produce property rights conflicts (Duke and Lynch, 2006).
An alternative land conservation policy is an Urban Growth Boundary (UGB), a zoning
tool that identifies areas that are targeted for development and areas that are intended to
remain rural, triggering additional government oversight of land in the rural areas. UGBs
have been used in Portland, Oregon and Knox County, Tennessee with mixed effects on
land conservation (Kline and Alig, 1999; Cho et al., 2006; 2007; Marin, 2007).
Arendt (2004) points out two problems plaguing many land conservation
programs, including those discussed above. One is that in rapidly urbanizing areas where
conservation is most urgent, high land prices and heavy development pressure make
conservation of land expensive and politically difficult. The other is that none of the
programs mentioned above can ensure that the conservation lands are designed in such a
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way as to maintain connectivity. While some land conservation programs incorporate
rewards or incentives for connectivity, Arendt and others argue that urbanizing areas
need a comprehensive, proactive plan that allows for both development and conservation
(Arendt, 1999; 2004; Pejchar, 2007). One such planning method may be what has been
termed "Conservation Design" (Arendt, 1996; 1999) or "Conservation Development"
(Milder, 2007; Pejchar, 2007). At the heart of this movement is the conservation of a
significant amount (-40-70%) of buildable land, such that this open space includes and
connects the region's most significant ecological features into a network of linked
landscapes (Arendt, 1999; 2004). Some have begun to refer to these significant
ecological features of the landscape as "Green Infrastructure" (Benedict and McMahon,
2002; McDonald et al., 2005; Tzoulas et al., 2007).
Inherent in the concept of Conservation Development is the clustering of houses
on the portion of the land which is deemed to be most ecologically suitable for
development. The remainder of this paper focuses specifically on residential
subdivisions, which are only a part of the larger notion of Conservation Development
(Milder, 2007), so we hereafter use the terms "Conservation Subdivision" and
"Conservation Zoning" rather than the more general term, Conservation Development.
We use the term Conservation Zoning to refer to any zoning scheme that includes
Conservation Subdivisions. Following Pejchar et al.'s (2007) definition of Conservation
Development, we define a Conservation Subdivision as one in which scientific
knowledge is used to identify and prioritize the most ecologically significant features of a
property's assets and developers are required to design open space around these features
and build houses on the remaining land in a manner compatible with the protection of
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these assets. This is critically different from what we refer to as "Cluster Subdivisions"
or "Open Space Subdivisions" in which a certain amount of open space is required in all
subdivisions, but developers are given primary control over where the open space is
located. Arendt (1999) identifies three key ways in which Conservation Subdivisions
differ from Cluster Subdivisions: 1) Conservation Subdivisions require higher amounts of
open space (usually in excess of 40%), and the requirements are a percentage of the net
buildable land, so that unbuildable areas (e.g. wetlands, floodplains, steep slopes) are not
counted as part of the open space; 2) because they force a town to proactively identify
and prioritize its most noteworthy resources, Conservation Subdivisions give the town
greater control over what is included in open space networks; and 3) to the greatest extent
practicable, they provide an interconnected network of linked open space lands. This is
thought to be in sharp contrast to Cluster Subdivisions which may lead to small,
disconnected patches of open space consisting mainly of unbuildable lands. We suggest
that, in the absence of government oversight, the developer's decision regarding
subdivision design may be motivated primarily by economic concerns such as the
minimization of development costs or the maximization of the net returns from
development. This is fundamentally different from Conservation Subdivisions in which
developers are required to design the open space first, based on the town's conservation
priorities. (We use the term "town" here for the sake of simplicity and because our study
focuses on a single town. We intend our study and results, however, to be applicable to
any agency responsible for land use planning.)
Research suggests that suburban and exurban development pose a serious threat to
wildlife and wildlife habitat (Theobald et al., 1997; Grimm et al., 2000; Odell and
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Knight, 2001; McKinney, 2002; DeStefano and DeGraaf, 2003, Hansen et al, 2005;
Chapman and Reich, 2007). Clustered housing developments that preserve a certain
portion of the land as open space are generally thought to benefit wildlife (Theobald et
al., 1997; Odell and Knight, 2001; Odell et al., 2003). Lenth et al. (2006), however,
examine Cluster Subdivisions and traditional large lot developments and find that there is
little difference in their impacts on biodiversity. One of the key benefits touted by
advocates of Conservation Subdivisions is the provision of a linked network of open
space, offering enhanced habitat and travel corridors for wildlife. Milder (2007) suggests
that Conservation Subdivisions may protect habitat and landscape permeability, but that
they protect land at too small a scale to achieve other important biodiversity objectives.
He also notes the concern that the Conservation Subdivision label will be manipulated by
developers, removing much of its ecological value. Mohammed (2006) finds that buyers
will pay a price premium for houses in Conservation Subdivisions, which at least
suggests some incentive for developers to misuse the label, but which also suggests that
Conservation Subdivisions may produce both economic and ecological benefits, a key to
their successful implementation. In a review of Randall Arendt's book, Conservation
Design for Subdivisions: A Practical Guide to Creating Open Space Networks (1996),
Hostetler and Drake (2009) point out shortcomings in Conservation Subdivision design
and implementation from the perspective of wildlife. In short, they point out several
complicating factors that make the design phase complex and site-specific, and they note
that Arendt neglects the construction and post-construction phases. Nonetheless they
argue for careful design and implementation of open space areas, which is perhaps the
key difference between Conservation and Cluster Subdivisions.

89

In this paper, we address the question of whether Conservation Subdivisions will
produce a more permeable, interconnected landscape than Cluster Subdivisions, as well
as the sensitivity of this answer to the amount of open space required. To do so, we
employ a GIS-based model to simulate the locations of houses and open space in Cluster
Subdivisions and Conservation Subdivisions. The key difference in the simulations is
that in the Cluster Subdivision scenarios we assume developers identify house lots first,
based on minimization of development costs, whereas in the Conservation Subdivision
scenarios, we assume developers identify open space first, based on a town's identified
priorities, and build houses on the remaining land. We use this process to produce
buildout scenarios for a focal town, Falmouth, Maine, USA, under the two regulatory
schemes.
To assess the efficacy of the two zoning approaches we use a multi-scale
landscape permeability model for wood frogs (Rana sylvatica). Wood frogs are an ideal
indicator species for local-scale habitat connectivity, because they breed in vernal pools,
make annual migrations into nearby terrestrial habitat for the non-breeding season, and
have very high breeding site fidelity (Semlitsch, 2000). Thus habitat connectivity is
critical to their continued survival. Furthermore wood frogs have complex habitat
requirements that are representative of many other amphibian species (Petranka, 1998;
Hunter et al., 1999; Semlitsch, 2000). Maine has recently (2007) enacted legislation to
protect vernal pools, so we also examine the effectiveness of this legislation as well as its
interaction with the different zoning scenarios. Maine's law creates a 250-foot protective
buffer around "Significant Vernal Pools," which are defined by the presence and
abundance of certain indicator species, one of which is the wood frog (Mahaney and
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Klemens, 2007). Maine's new law does not actually prohibit development within this
250-foot zone, but rather requires a permit. As a first investigation into the
implementation of the law, we have treated it as a "no development" buffer zone, thereby
assuming the most restrictive implementation possible. Since roughly half of all pools in
Maine are likely to be defined as "significant" (Dr. Aram Calhoun, pers. comm.), our
"buffer scenarios" include buffers around half of the pools, chosen at random. By
integrating simulated buildout scenarios with a landscape permeability model, we assess
the relative performance of Conservation and Cluster Subdivisions at providing an
interconnected network of suitable habitat for our focal species. Further we assess the
likely effectiveness of terrestrial buffers around breeding pools at maintaining landscape
permeability, as well as how the buffers' performance may vary in different regulatory
environments.

3.3. Methods
3.3.1. Data
We acquired much of the necessary data for our work from the Town of
Falmouth, including GIS layers representing 1996 and 2005 parcels, zoning, natural
resources, and infrastructure, all of which could be linked to tax assessment data. There
were 4,155 and 4,964 parcels in the 1996 and 2005 parcel maps, respectively. We used
the tax assessment information combined with the parcel and zoning maps to identify
conservation lands, parcels that were available for development, those that were large
enough for subdivision, and the number of developable lots for each parcel. Falmouth
also provided a map of potential vernal pools from a 2002 inventory of vernal pools.
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The town hired a private consulting firm to produce 1:12,000 color infrared stereophotos
of the town. The images were photointerpreted and potential vernal pools were digitized
by a wetland scientist. The firm conducted field verification of potential pools and found
a commission error rate of about 9% and an omission error rate of about 30%, results
consistent with their mapping efforts in other nearby areas. We used this layer of
potential vernal pools in our analysis.
We acquired GIS maps of soils, National Wetlands Inventory (NWI) wetlands, an
orthophoto, and a digital elevation model from the Maine Office of GIS (MEGIS, 2007)
and a map of significant wildlife habitat, including habitat for rare, endangered, and
threatened species, from the Maine Department of Inland Fisheries and Wildlife. We
used the 1993 Maine Gap Analysis land cover map (Hepinstall et al., 1999) as a proxy for
1996 land cover and the 2004 Maine Land Cover Dataset (Smith et al., 2006) as a proxy
for 2005 land cover. There is a difference in the resolution of the two land cover layers
(30 m for Gap, 5 m for MELCD). The Gap layer was only used to calculate variables
used in estimating the economic model (e.g. percent forest cover surrounding each
parcel). The MELCD layer was used to calculate these same variables in 2005 for the
purposes of prediction, so this difference in resolution may introduce some error.
However we did not perform any resampling between the two datasets, and we only used
MELCD for the landscape permeability analysis.

We also overlaid vector GIS layers

for building footprints and roads, small but important features that are often missed by
land cover images.
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3.3.2. Cluster subdivision buildout scenarios
Following the Zoning and Subdivision Ordinances in our focal town, we assumed
that Cluster Subdivisions require a certain percentage of the gross parcel area to be set
aside as open space but that it is left up to developers to decide where the open space
goes. In the absence of government oversight, a reasonable assumption may be that
developers will choose housing sites in subdivisions in such a manner as to minimize
their costs of development. For example, they may avoid building on areas such as
wetlands or steep slopes where construction is difficult and costly, while preferring to
build closer to existing roads and sewer and water lines to minimize the cost of extending
such infrastructure. There is evidence that, at regional to landscape scales, houses tend to
be built in areas of high ecological value and biodiversity, suggesting that areas that
provide good habitat for wildlife are also desirable places for people to live (Hansen and
Rotella, 2002; Hansen et al., 2002; Radeloff et al., 2005). There have also been studies
examining the density of development in subdivisions (Cho and Newman, 2005;
McConnell et al., 2006; Lichtenberg and Hardie, 2007; Lewis et al., 2009) and the
amount of open space within subdivisions (Lichtenberg et al., 2007). However we could
find no literature directly addressing the location of houses at a scale as small as the
individual subdivision. As our research addresses this question by assuming costminimizing behavior on the part of developers, it does not fully capture the heterogeneity
in net returns (returns less development costs) at different locations. Our buildout
scenarios implicitly assume returns are constant across space and focus only on costminimization. In reality the additional returns from a site with nice views, for example,
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may be enough to justify higher development costs at that site. While this is a limitation,
we feel that it is reasonable and sufficient for a preliminary investigation into the
importance of housing location.
We did conduct numerous interviews with planners, landscape architects,
engineers, and developers and they generally agreed with our proposition of costminimizing behavior on the part of developers in an unregulated market. In order to
provide some empirical basis for the placement of houses, we estimated a discrete-choice
model at the cell-level, comparing cells on which houses were built between 1996 and
2005 and cells on which houses were not built (further details on the cell-level model are
included in Freeman and Bell [2009], available from the authors upon request). This
model included variables affecting development costs, and its parameter estimates were
used to produce a continuous surface map which served as a proxy for costs of
development at each cell. We then constructed regularly spaced, square GIS polygons
with sizes that vary by zone and are equal to the minimum lot size for the zone in which
they are located. We used the ArcGIS tool, Zonal Statistics++ (Beyer, 2004), to compute
an average of the development cost index for each lot. We then used original R code (R
Development Core Team, 2008) to select the number of developable lots for each parcel
in each scenario and converted these to residential use in the buildout landscapes. The R
code selects the lots with the lowest average development cost for each parcel, with the
number of lots determined by the minimum lot size and open space requirements. This
process is intended to simulate the outcome of developers searching for the lots that
minimize their development cost on each parcel.
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We created buildout scenarios for 25%, 50%, and 70% open space requirements,
with the number of buildable lots equal to the gross parcel area, less the open space
requirement, divided by the minimum lot size for the parcel's zone. Lots that were not
large enough to accommodate a subdivision were assumed to be built at their maximum
density with no open space, an assumption largely supported by recent development
patterns (unpubl. data). We also examined the likely impacts of a terrestrial buffer
around vernal pools by producing two predicted future landscapes for each level of open
space, one assuming no vernal pool buffers and one assuming half of pools, chosen at
random, are buffered. We buffered only half of the pools because it has been estimated
that roughly half of pools in Maine will be defined as "significant" and hence become
jurisdictional under its new law (Dr. Aram J.K. Calhoun, pers. comm.). Thus we
produced a total of six Cluster Subdivision buildout scenarios reflecting three different
open space requirements, each with and without vernal pool buffers. We also analyze the
2005 landscape as a baseline for comparison.
3.3.3. Conservation subdivision buildout scenarios
Our focal town recently (2007) enacted town-wide Conservation Zoning,
following Arendt's (1999) suggestions for Conservation Subdivisions very closely. The
town's Conservation Zoning Ordinance requires that 50% of a subdivided parcel's net
buildable area be set aside as open space and includes a list of priorities for features they
would like included in the open space. Developers of subdivisions are required to
document that they have followed Arendt's four-step process (1999) in designing the
open space. The four-steps in this process are:
Step 1 — Identify conservation lands and design open space around these

95

Step 2 - Locate housing sites
Step 3 - Align streets and trails
Step 4 - Draw in lot lines
in that order. Because conservation lands are identified first, the resulting housing
pattern is likely to be quite different from that resulting from Cluster Subdivision design.
We acquired or created GIS layers representing each of the open space priorities
identified by our focal town. We overlaid these and weighted the eight priorities from
one through eight (8 for priority #1,7 for priority #2, ...., 1 for priority #8). Thus the
highest priority lands, Primary Conservation Areas, received a value of 8, while lands
that included none of the town's identified priorities received a value of 0 (see Table 3.1).
We also repeated the analysis for a subset of the scenarios assuming higher weights for
primary and secondary conservation areas to examine the sensitivity of the results to the
weighting scheme (See Appendix F).
In mapping the priorities, we made several important assumptions that warrant
some discussion. We defined wildlife corridors (from priority 3) as the least cost path in
the 2005 landscape between vernal pools and forested wetlands, which we assumed to be
the preferred summer habitat of wood frogs (Vasconcelos and Calhoun, 2004; Baldwin et
al., 2006). A least cost path is based on a cost surface, in which a raster land use map is
reclassified so that each land use is assigned a value that represents the "cost" to an
animal of traveling across that cell. The least cost path is the path that represents the
lowest accumulated cost of traveling between two features. Beier et al. (2008) warn
against defining corridors based on least cost paths, noting that a corridor with a width of
one cell surrounded by otherwise unsuitable habitat is not of much value. They
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Table 3.1. Priorities for land to be placed in open space
Open Space Priorities

GIS Data Source

Priority #1 (weight =8):
Streams w/ 50 ft. buffers

Town of Falmouth

Wetlands w/ 50 ft. buffers

Town of Falmouth

Vernal pools w/ 50 ft. buffers

Town of Falmouth

Areas of sustained slopes > 25%

Maine Office of GIS

Floodplains

Town of Falmouth

Priority #2 (weight = 7):
Habitat of rare species

ME Dept. of Inland Fisheries & Wildlife

Upland habitat (250 ft. buffer) of vernal
pools
Cemeteries

Town of Falmouth
Town of Falmouth

Priority #3 (weight = 6):
River or stream corridors (2X width of
required buffers)
Wildlife corridors (300 ft.)

Town of Falmouth

Trail corridors (50 ft.)

Town of Falmouth

Unfragmented habitat (150 acres min.)

Town of Falmouth

Town of Falmouth

Priority #4 (weight = 0.5 to 5 for distance of 90m to 0m):
Areas adjacent to other open space

Town of Falmouth

Priority #5 (weight = 4):
Town of Falmouth

Roadsides with rural character
Priority #6 (weight =3):

Town of Falmouth

View sheds & agricultural fields
Priority #7 (weight = 2):

Town of Falmouth

Groups of small forested wetlands
Priority #8 (weight = 1):
Non-scenic fields

Town of Falmouth

Aquifer recharge areas

Town of Falmouth

Deer yard habitat

Town of Falmouth

Other identified habitats

Town of Falmouth
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recommend using individual-based models to produce a map of increasingly wide
corridors as nested polygons and providing a graded cost map of alternative corridor
designs to decision makers. We acknowledge their point, but note that the least cost path
method provides a quick, automated way to produce continuous swaths between all
desired habitat elements within a specified distance, making them a user-friendly tool
likely to be adopted by planners. Furthermore our focal town specifies a width of 300
feet for wildlife corridors, and buffering the least cost path by 150 feet on either side
produces corridors that closely model the likely outcome of the town's ordinances. It is
also important to note that a town should have more than one species in mind when
designing wildlife corridors, but for the purposes of demonstration, and given our interest
in the vernal pool legislation, we focus only on a single indicator species.
We defined unfragmented wildlife habitat (from priority 3) by passing a square
150-acre moving window over a binary image of forested areas in 2005 and selecting
those areas containing >95% forest. We focused on forest because it is the preferred
habitat of our focal species (Heatwole, 1961; Bellis, 1965) and is the predominant natural
land cover in our region. We defined areas adjacent to other open space (from priority 4)
as being within 100 meters of protected lands, assigning these cells a maximum value of
5. However, we decreased this value by 10% for each 10-meter increment away from the
existing open space so that the weight decreases to 0 at 100 meters. We defined groups
of small forested wetlands (from priority 7) as any cluster of 3 or more vernal pools
within 340 meters of one another. We chose 340 meters because it is the maximum
migration distance recorded in a recent telemetry study of adult wood frogs in our region
(Baldwin et al., 2006). Finally we defined other identified habitats (from priority 8) to
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include 150-foot buffers around least cost paths between clusters of vernal pools that
were within 1,200 meters of one another. Berven and Grudzien (1990) report a
maximum juvenile wood frog dispersal distance of 1,200 meters. Dispersing juveniles
are thought to facilitate genetic exchange and recolonization after local extinction events,
so their ability to travel relatively long distances between clusters of pools may be
important as well (Marsh and Trenham, 2001).
Based on these weights, we produced a map (Figure 3.1) describing the most
significant ecological features in our study town. We used a slightly modified version of
the R code described in the previous section to identify the appropriate number and
location of house lots for the given scenario. In this case the code selects the lots with the
lowest ecological value for each parcel large enough to accommodate a subdivision, and
we convert these to residential use, leaving the remaining area to serve as open space in
its current state. This code is intended to mimic the Conservation Subdivision process, in
which developers identify the most ecologically important features of a parcel first and
preserve these features, building houses elsewhere. Again we created six buildout
scenarios with half of vernal pools buffered and with no buffers and for 25%, 50%, and
70%) open space requirements. In the Conservation Subdivisions, however, percentages
are of the net buildable area after subtracting any areas of wetlands, steep slopes and
floodplains. Lots that were not large enough to accommodate a subdivision were again
assumed to be built at their maximum density with no open space.
3.3.4. Landscape Permeability Model
To compare the landscapes predicted from our buildout scenarios, we used a
landscape permeability model for wood frogs. The concept of landscape permeability is
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Figure 3.1. Map of important ecological features based on town's priorities

based on the notion that it is not only the distance between two habitat requirements that
is important, but the composition and heterogeneity of the intervening matrix as well
(Ricketts, 2001). Certain land uses, for example, facilitate movement, while others may
impede it. A landscape permeability model is typically based on the type of cost surface
described in the preceding section. The cost coefficients may be thought of as the "cost"
to an animal of traversing that cell on the landscape or as the "friction" or "resistance" to
travel offered by that cell. Typically core habitat areas are identified and standard GIS
software "cost distance" functions may be used to estimate the area around core habitat
areas within which individuals may be expected to travel, up to a maximum distance.
Published examples include examinations of permeability for the common toad and
Alpine newt (Ray et al., 2002); large carnivores (Singleton et al., 2002); the common toad
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(Joly et al., 2003); grizzly bears (Singleton et al., 2004); and invasive eastern gray
squirrels (Gonzales and Gergel, 2007).
We used this approach to assess permeability between habitat requirements for
wood frogs at three biologically relevant scales: (1) permeability between breeding pools;
(2) permeability between breeding and non-breeding habitat; and (3) permeability
between clusters of breeding pools. Permeability between breeding pools may be
important for adults seeking new breeding sites due, for instance, to habitat destruction
(Petranka et al., 2004; Petranka and Holbrook, 2006), a very real possibility in a rapidly
urbanizing landscape such as our focal town. At this scale, permeability should be
enhanced by priorities 1 (vernal pools with 50-foot buffer) and 2 (upland habitat of vernal
pools within 250-feet) in the Conservation Subdivision scenarios, as well as the 250-foot
buffer around "Significant Vernal Pools" when buffers are required. Permeability
between breeding and non-breeding habitat is critical to adult wood frogs, as they make
annual post-breeding migrations into surrounding terrestrial habitat, preferably forested
wetlands, and typically show very high breeding site fidelity (Heatwole, 1961; Bellis,
1965; Stockwell and Hunter, 1989; Berven and Grudzien, 1990; Regosin et al., 2003;
Vasconcelos and Calhoun, 2004). We defined wildlife corridors to encompass the least
cost paths between vernal pools and nearby forested wetlands, so prioirity 3 may offer
some protection at this scale in the Conservation Subdivision scenarios. Permeability
between cluster of pools is most important to dispersing juveniles, who may facilitate
genetic exchange and recolonization of pools after local extinctions (Marsh and Trenham,
2001). As discussed in the previous section, priority 8 includes other identified habitats,
which we defined as corridors between clusters of pools. Thus the Conservation
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Subdivision scenarios may include some protection at this scale as well. Since the first
two scales are primarily important to adult wood frogs, we use a maximum migration
distance in the landscape permeability model of 340 meters (from Baldwin et al., 2006),
while we use a maximum of 1,200 meters for dispersing juveniles (from Berven and
Grudzien, 1990) for the third scale.
Cost coefficients for the various land use types were assigned after consultation
with local wetlands ecologists and herpetologists and are shown in Table 3.2. Because
wood frogs' preferred habitats are forest and wetlands, these cells receive the lowest cost
of 1. Thus an adult wood frog is assumed to be able to travel the maximum of 340 meters
in habitat of uninterrupted forest and wetlands. Since our land cover map has 5-meter
cells, this distance represents 340/5 = 68 cells. High intensity developed land has a cost
coefficient of 20, indicating that the maximum distance traveled in these areas is 340/20
= 17 meters, or about 3 cells. Interstates, which have a cost coefficient of 100, are
considered absolute barriers to travel, as crossing one cell of this land use type would
exceed the total energy budget available.
We executed the model using Arc GIS 9.2 's "cost-weighted distance" function
(ESRI, 2006), which identifies the area around each source pool within which an
individual is expected to be able to travel (hereafter referred to as cost-distance bands),
given a maximum travel distance. In order to assess the results quantitatively, we used
Fragstats software17 to calculate landscape metrics on the cost-distance bands (i.e. we
defined these bands as patches). By calculating the metrics only on the cost-distance

17

Fragstats is a software program produced by authors at the University of Massachusetts, Amherst.
Further details, documentation, and software download are available at the following web site:
www.umass.edu/landeco/research/fragstats/fragstats.html.
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Table 3.2. Cost values used in landscape permeability
Maine Land Cover Dataset (MELCD)
description
(Smith et al., 2006)
Deciduous forest
Evergreen forest
Mixed forest
Light partial cut [<50% canopy removed]
Wetland forest
Wetlands

model
Reclassified
Description
Forest/
Wetlands

Cost/
Friction
Value
1

Heavy partial cut [>50% canopy removed]
Regenerating forest [seedling to sapling]

Recently cut
forest

Recent clearcut [>90% canopy removed]
Scrub/shrub

Clearcut/ scrub/
shrub

Pasture/hay
Grassland/herbaceous

Field

Unconsolidated shore

Uncons. Shore

7

Developed open space [<20% imperv.]
Cultivated crops

Lawn/crops

9

Low intensity developed [21-49% impervious]

Devel. - low

11

Bare land

Bare Land

15

Med. intensity developed [50-79% impervious]

Devel. - med.

15

High intensity developed [>80% impervious]

Devel. - high

20

Neighborhood/
connector road

15

Major road

Highway/maj or
artery across or
through town

20

Interstates

1-95 or Turnpike

100

Roads/runways
Other vector layers overlaid onto MELCD
Minor road
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bands, we made indirect use of the cost surface from the landscape maps, something
Fragstats cannot do directly. We examined several of the metrics available in Fragstats to
summarize various aspects of patch configuration and composition but found the
interpretations of their results to be very similar. Furthermore our primary interest in this
study is in functional connectivity between specific habitat requirements. The costdistance bands (patches) created in GIS already make use of the resistance of the
landscape and are centered on the habitat requirements themselves. As such, overlap
between these bands may be interpreted as indicative of functional connectivity between
habitat requirements. Therefore we present here two metrics with the easiest
interpretation, number of patches and mean patch area. The interpretation of the metrics
differs at different scales, so we discuss each scale separately below.
3.3.4.1. Permeability between breeding pools
For each buildout scenario we set the maximum travel distance in the
permeability model equal to half of the actual maximum migration or dispersal distance
of wood frogs. Thus for adults, which we assume capable of migrations of up to 340
meters, we created 170 meter-equivalent cost distance bands around each breeding pool.
Any overlap between bands indicates functional connectivity between two pools (i.e. they
are within 340 meters). We converted the output of the permeability model into a binary
image for analysis in Fragstats, treating the cost-distance bands as patches. A single,
isolated patch around a pool that is not functionally connected to any other pool would
represent a single patch. However, when two or more pools are functionally connected
so that their bands overlap, the overlapping bands would also represent a single patch
(see Figure 3.2). When compared to the baseline (2005) landscape, any increase in
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patches in the buildout scenarios indicates fragmentation of one patch into two or more
patches. Future development could also encroach on patches, reducing their size, so
reductions in mean patch area, which is reported in hectares, is an indication of a
reduction in available habitat.
Figure 3.2. Examples of patches for pool-to-pool connectivity metrics: a) one overlapping
jatch connecting two pools; b) two fragmented patches

3.3.4.2 Permeability between breeding and non-breeding habitat
We used the same two metrics to assess permeability between vernal pools and
forested wetlands (breeding to non-breeding habitat connectivity). In this case we
performed two cost distance functions, one around vernal pools and one around forested
wetlands. We then used Arc GIS's function "corridor," which computes the sum of two
cost distance layers and includes in the output only the areas that are common to both
layers. Thus the output represents areas of functional connectivity between vernal pools
and forested wetlands but includes only the overlap between these two cost distance
layers (see Figure 3.3).
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7

igure 3.3. Example of patch for pool-to-PFO connectivity

For breeding to non-breeding habitat connectivity, interpretation of the metrics is
a bit less intuitive and more complicated, and it is best to examine the two metrics
together. Development may eliminate patches, reduce the area of patches, or fragment a
single patch into two or more patches. If many small patches are eliminated, mean patch
area could increase, while if many are fragmented into smaller patches, mean patch area
could decrease. In many cases there is a combination of elimination of some patches and
reduction and fragmentation of others. However, if the number of patches increases and
mean patch area decreases, it suggests that more patches were fragmented than
eliminated. Similarly if the number of patches decreases and mean patch area increases,
elimination of patches is the predominant result. It would be impossible for mean patch
area to increase relative to the baseline. However it is possible that both the number of
patches and mean patch area could decrease, indicating a combination of patch loss,
patch size reduction, and possibly fragmentation of some of the remaining patches.
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3.3.4.3. Permeability between clusters of pools
Conceptually we define clusters of pools as pools that lie within the adult
migration distance of 340 meters of one another, and we examine permeability within the
maximum juvenile dispersal distance of 1,200 meters. In practice, the cost distance
function in Arc GIS begins measuring the 600 meters (half of the maximum) from each
individual pool, so our definition of clusters is irrelevant. Nonetheless, the cost distance
bands created from a maximum dispersal distance of 600 meters indicate areas within
which juveniles might be expected to disperse successfully and encompass functionally
connected clusters of pools at the scale of juvenile dispersal. The interpretation of the
metrics at this scale is basically the same as that for permeability between breeding pools,
with higher numbers of patches and lower mean patch areas indicating more
fragmentation and encroachment from development. Reductions in numbers of patches
here, however, suggest that entire sub-populations have been isolated, reducing the
chances of recolonization after a local extinction event.
3.3.4.4. Sensitivity analysis
We examined the sensitivity of our results to the maximum migration/dispersal
distance and to the cost coefficients used in the landscape permeability model. Doubling
(halving) the maximum migration distance produces exactly the same result as halving
(doubling) the cost coefficients. For example, if an individual is assumed to be capable
of a maximum migration of 340 meters and the surrounding landscape consists solely of
forest, which has a cost coefficient of 1, the individual can actually travel the maximum
distance of 340 meters. Changing the maximum migration distance to 170 meters or
doubling the cost coefficient of forest to 2 would reduce the maximum distance traveled
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to 170 meters, so we could examine both effects simultaneously. Thus we examined
sensitivity of our results to these two key assumptions by repeating our analysis assuming
a halving and doubling of the maximum travel distances at each scale. Alternatively
these analyses may be thought of as a doubling and a halving, respectively, of the cost
coefficients assigned to the various land use types.
We also examined the sensitivity of our results to the weights assigned to the
Conservation Zoning priorities. Our primary results use a series of integers, ranging from
1 to 8, to assign weights. It is possible that developers or planners may place greater
emphasis on the highest priority areas, such as Primary and Secondary Conservation
Areas. Thus for our sensitivity analysis we produced a second map of conservation
zoning priorities for which the highest priority areas (Primary Conservation Areas) were
weighted 16 and the next highest priority areas (Secondary Conservation Areas) were
weighted 11. The remaining priorities received the same integer weights (6 through 1) as
before. Thus we doubled the weight of the highest priority areas and increased by
roughly fifty percent the Secondary Conservation Areas.

3.4. Results
The results of our landscape metrics for permeability between vernal pools are
reported in Table 3.3. The 2005 landscape consisted of 57 patches with a mean patch
area of ~112 hectares. As expected all buildout scenarios show greater numbers of
patches and patches of smaller size, indicating fragmentation of patches relative to the
baseline. For Cluster Zoning without buffers and 25% open space, the number of patches
increases by 38, while the mean patch area is reduced by over 77 hectares. Higher levels
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of open space result in less fragmentation, but even the 70% open space scenario results
in 10 additional patches and a reduction in mean patch area of over 41 hectares.
Table 3.3. Metrics for permeability between vernal pools (pool-to-pool connectivity)
Mean Patch
Landscape/Scenario
No. Patches
Change in
Change in
Area [ha]
NP since
MN_AR
(NP)
(MN AR)
2005
since 2005
111.83
2005 - baseline
57
No vernal pool buffers
Cluster Zoning
25% open space

85

+28

34.50

-77.33

50% open space

73

+16

57.66

-54.17

70% open space

67

+10

70.66

-41.17

25% open space

75

+18

53.68

-58.15

50% open space

61

+4

81.90

-29.93

70% open space

68

+11

72.76

-39.07

25% open space

75

+18

47.63

-64.20

50% open space

68

+11

67.26

-44.57

70% open space

65

+8

77.45

-34.38

25% open space

67

+10

69.11

-42.72

50%) open space

62

+5

85.88

-25.95

70% open space

63

+6

83.57

-28.26

Conservation Zoning

Half of vernal pools
buffered
Cluster Zoning

Conservation Zoning

With Conservation Zoning and no buffers, the metrics are generally better than
under Cluster Zoning, suggesting that Conservation Zoning may enhance landscape
permeability by encouraging connected corridors of open space. One exception is that
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when 70% open space is required, Conservation Zoning produces one additional patch
than Cluster Zoning with 70% open space, although the patch size is slightly larger. We
suspect this is because of our assumption that only parcels meeting the legal definition of
a subdivision (division of a parcel into 3 or more lots) were subject to the open space
requirements. Under this assumption and a 70%o requirement, in a zone with a 1 -acre
minimum lot size for instance, only lots with more than 10 buildable acres would be
required to set aside open space (3 1-acre lots and 7 acres of open space). We assumed
smaller lots would be built at maximum density with no open space. In reality, some of
these lots are probably built at maximum density, while others are not. With no intuitive,
objective way to choose which lots would include some open space, we simply made a
consistent assumption of maximum density for such lots. Thus our results may represent
a conservative estimate of the degree of permeability in the buildout scenarios,
particularly for the Conservation Subdivision scenarios. If some of these smaller parcels
could be designed to incorporate open space that connects to larger parcels of open space,
the permeability of the Conservation Subdivisions scenarios could be further improved.
The predicted housing patterns under Conservation Zoning and Cluster Zoning
near a key cluster of vernal pools for the 50%> open space, no buffer scenario are shown
in Figure 3.4. The area of pool-to-pool permeability is also shown in shaded grey. While
the differences are not dramatic, several areas of fragmentation between pools are evident
in the Cluster Zoning scenario.
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Figure 3.4. Housing patterns at buildout under Conservation Zoning and Cluster Zoning,
with 50% open space and no vernal pool buffers: a) Conservation Zoning; b) Cluster
Zoning

Results for permeability between breeding and non-breeding habitat are reported
in Table 3.4. The baseline landscape includes 35 patches with a mean patch area of ~66
hectares. The metrics reflect basically the same trends as the pool-to-pool metrics. In
most scenarios, the number of patches decreases, indicating that more patches were
eliminated than were fragmented. For the buildout scenarios without vernal pool buffers,
the largest reduction in number of patches and mean patch area is in the Cluster
Zoning/25% open space scenario. Higher requirements for open space produce smaller
reductions in both metrics. Conservation Zoning generally produces smaller reductions
in both metrics, with the exception of the 70% open space scenario. In this case, the
number of patches increases by one, but the mean patch area is reduced by a fairly large
amount (>19 hectares). This suggests some combination of patch elimination and
fragmentation in which one more patch was fragmented than the number that were lost.
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Table 3.4. Metrics for permeability between vernal pools and forested wetlands (pool-toPFO connectivity)
Mean Patch
Landscape/Scenario
No. Patches
Change in
Change in
(NP)
NP since
Area [ha]
MN_AR
2005
(MNAR)
since 2005
—
—
35
68.58
2005 - baseline
No vernal pool buffers
Cluster Zoning
25% open space

25

-10

48.19

-20.39

50% open space

30

-5

54.14

-14.44

70%> open space

33

-2

54.37

-14.21

25%o open space

30

-5

52.84

-15.74

50%) open space

33

-2

58.97

-9.61

70% open space

36

1

49.30

-19.28

25% open space

23

-12

63.15

-5.43

50% open space

29

-6

60.64

-7.94

70%o open space

32

-3

59.31

-9.27

29

-6

61.94

-6.64

31

-4

64.17

-4.41

37

2

52.72

-15.86

Conservation Zoning

Half of vernal pools
buffered
Cluster Zoning

Conservation Zoning
25% open space
50% open space
70%o open space

For the scenarios in which buffers are required around half of pools, the trends
regarding Cluster and Conservation Zoning and levels of open space are basically the
same as the no buffer scenarios. The metrics are slightly different, although the
differences are not great. This is probably a reflection of the fact that vernal pool buffers
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do little to address connectivity between breeding pools and forested wetlands if these
features are separated by a distance in excess of the 250-foot buffer.
Results for the metrics assessing permeability between clusters of vernal pools are
shown in Table 3.5. In the baseline landscape there are 30 patches with a mean area of
-800 hectares. The metrics for the buildout scenarios tell very much the same story at
this scale as they do at the other two. Conservation Zoning generally produces a more
permeable landscape than Cluster Zoning, and higher levels of open space generally
increase permeability as well. Buffers around vernal pools also add some additional
protection. Again the Conservation Zoning/70% open space scenarios perform a little
worse than the Conservation Zoning/50% scenarios, likely for the same reasons as
previously discussed.
The results of our sensitivity analysis for different Conservation Zoning priority
weights and dispersal distances are reported in Appendices F through I. As Table F.2 in
Appendix F shows, giving additional weight to primary and secondary conservation areas
changes the results relatively little. Relative to the original Conservation Zoning
weighting scheme, the new weighting scheme seems to produce slightly better results at
the pool-to-pool level and slightly worse results at the cluster-to-cluster level. This is
logical, as the primary and secondary conservation areas focus on key habitat features but
not on connectivity between them. For our purposes the sensitivity analysis reveals two
important things. First, the different weighting schemes appear to have fairly small
effects on the landscape metrics. Second, and most importantly, regardless of the weights
used, Conservation Zoning produces considerably better results than Cluster Zoning.
Thus while the prioritization of conservation features may be an important issue for
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communities to discuss, the Conservation Zoning approach appears relatively robust to
different weights. Indeed one of the key advantages of Conservation Zoning is that
different communities could identify the conservation priorities that are most important to
them, enabling flexibility in implementation and community involvement in the planning
process.
Table 3.5. Metrics for permeability between clusters of vernal pools (cluster-to-cluster
connectivity)
No. Patches
Change in
Mean Patch
Change in
Landscape/Scenario
NP since
Area [ha]
MN_AR
(NP)
since 2005
2005
(MN_AR)
—
—
799.96
2005 -baseline
30
No vernal pool buffers
Cluster Zoning
25% open space

55

+25

206.86

-593.10

50% open space

40

+10

401.47

-398.49

70% open space

38

+8

476.96

-323.00

25%o open space

46

+16

316.26

-483.70

50% open space

38,

+8

471.62

-328.34

70%o open space

39

+9

472.02

-327.94

25%o open space

51

+21

242.20

-557.76

50% open space

37

+7

450.16

-349.80

70% open space

36

+6

514.91

-285.05

39

+9

394.96

-405.00

35

+5

532.41

-267.55

36

+6

514.84

-285.12

Conservation Zoning

Half of vernal pools
buffered
Cluster Zoning

Conservation Zoning
25% open space
50%) open space
70%o open space
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When different dispersal distances are used, the sensitivity analysis again reveals
similar patterns. While the values of the metrics change, their interpretation is essentially
the same. Conservation Zoning generally produces better results than Cluster Zoning,
with the exception of the 70% open space scenarios. Higher levels of open space
generally yield more permeable landscapes, and vernal pool buffers offer some
improvements as well. In general, our results appear to be fairly robust to different
assumptions regarding the cost coefficients and migration/dispersal distances used in the
landscape permeability model.

3.5. Discussion
Our research suggests that Conservation Zoning has the potential to create a more
permeable, interconnected network of open space than Cluster Zoning. The results of our
landscape permeability model were generally better at all scales under Conservation
Zoning than under Cluster Zoning, with very few exceptions. Furthermore our modeling
of Conservation Zoning may represent a conservative estimate of its potential, as we did
relatively little to ensure connectivity between open space areas on subdivided parcels.
We gave a moderate weight to cells that were immediately adjacent to other existing open
space (as of 2005), allowed this weight to decrease incrementally and disappear at 100
meters, and simulated buildout as a static, one-step process. In reality, buildout will be
achieved dynamically, and the open space from one developed parcel should be linked
with open space in adjacent parcels that are developed later. Careful design of open
space in the field could very likely ensure even more connectivity than our model
reflects, thus producing even better results. Despite the limitations of our model, we
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believe our results demonstrate that a major advantage of Conservation Zoning is its
ability to incorporate the most ecologically important features of a landscape into
protected areas and to define these important features across multiple spatial scales. For
example, we specified our town's priorities to include wood frog breeding habitat,
corridors between breeding and non-breeding habitat, and corridors between clusters of
breeding pools, and Conservation Zoning offered improvements relative to Cluster
Zoning at all three scales.
Arendt (2004) describes Conservation Zoning as protecting a large portion (4070%) of each developed parcel in open space. We modeled buildout under open space
requirements ranging from 25% to 70% and generally found higher amounts of open
space to produce greater landscape permeability. One exception was in the Conservation
Zoning/70% open space scenarios. As discussed in the previous section, we suspect this
is because such a high open space requirement means only fairly large parcels are subject
to Conservation Subdivision regulations. We assumed that smaller parcels would be built
at maximum density with no open space, which may not be accurate. If these smaller
parcels are built at less than maximum density, and particularly if they are developed so
as to include open space that links to other open space, this result could be quite different.
Nevertheless this points out the importance of planning for parcels of all sizes and of
considering some of the unintended consequences of any land use regulation.
Our results regarding open space, however, also suggest that Conservation Zoning
could be designed to provide a win-win solution for both conservationists and developers.
Across nearly all scales, Conservation Zoning with 25% open space produced results
very similar to Cluster Zoning with 50% open space. Thus it appears there may be room
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for a compromise in which developers taking the conservation approach could receive a
reduction in their open space requirement while still providing at least as good an
outcome in terms of connectivity. There is also some evidence that home buyers will pay
a premium for houses in Conservation Subdivisions (Mohammed, 2006). Considering
these two effects, it seems very plausible that Conservation Zoning could be designed to
produce economic benefits in addition to ecological benefits.
Another interesting result related to open space is that the difference in the
metrics between Cluster Zoning and Conservation Zoning is greatest at low levels of
open space and converges as the open space requirements increase. Thus it may be
possible that at high enough levels of open space, the design of the open space itself
becomes less important. This suggests to us the possibility of a percolation threshold
(Turner et al., 2001). Percolation theory states that if cells in a landscape are converted to
suitable habitat one by one, there is a threshold (often found to be around 60%) at which
percolation, the ability to travel from one side of the landscape to the other in suitable
habitat, is ensured. Further research is needed to determine the extent to which
thresholds exist in actual landscapes and how such information could be incorporated into
land use planning in suburban or exurban areas, but it could provide a powerful
justification for a certain level of open space requirement.
As for the vernal pool buffer policy, it appears to offer some degree of protection
to pool-dependent species, although mainly at the scale of the breeding pool. One
limitation to our work is that in the absence of field data describing which pools will meet
the State's new definition of significance, we chose half at random. Future work could
draw another set of pools or repeated draws to investigate the sensitivity of our results to
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the set of pools chosen. Several researchers have argued that terrestrial buffers around
breeding pools do not provide adequate protection of critical terrestrial habitat needed by
pool-breeding amphibians (Dodd and Cade, 1998; Porej et al., 2004; Calhoun et al., 2005;
Baldwin et al., 2006; Rittenhouse and Semlitsch, 2007; Harper et al., 2008). Our results
suggest this same shortcoming. For example, comparing the Cluster Zoning/25% open
space scenarios with and without buffers reveals that permeability between vernal pools
is greatly improved by the existence of buffers. However, permeability between breeding
and non-breeding habitat and between clusters of pools is improved very little.
Conservation Zoning, however, which, in our model, incorporated corridors between
these features as priorities for open space, appears to do a better job of protecting poolbreeding amphibians across scales. In most cases, Conservation Zoning without buffers
produces metrics similar to, and often better than, Cluster Zoning with buffers. Thus,
while we believe protection of breeding habitat to be important, our results suggest that
Conservation Zoning may offer one multi-scale approach to conservation for poolbreeding amphibians and perhaps to other wildlife as well.
Our research focused on a single town, so clearly these issues must be
investigated in different areas and over a larger area before firm conclusions are drawn.
The initial landscape pattern and land use history of our focal town could play an
important role in driving our results, and these may vary widely in different regions. A
study area larger than a single town is probably necessary to thoroughly examine clusterto-cluster permeability as well. Further improvements are also needed to understand the
developer's decision as to where to build houses in the absence of Conservation Zoning.
We based our predictions on a cost-minimization assumption, but there are factors, such
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as scenic views or proximity to natural amenities, that may increase the sales price of
homes in certain locations. A better economic model of the profit-maximizing choice as
to housing location may improve our ability to predict housing patterns in the absence of
government oversight. Despite these shortcomings, we believe our interdisciplinary
approach to modeling the landscape patterns likely to result from two different zoning
strategies as well as the response of an indicator species to those patterns is a valuable
approach. Further, we believe our results suggest the potential of Conservation Zoning to
produce an interconnected network of open space, although careful planning and
implementation and collaboration between planning agencies, citizens, landowners, and
developers is critical to its success in practice.
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APPENDIX A
SUMMARY OF POOL-TO-POOL CONNECTIVITY METRICS FOR
DIFFERENT MAXIMUM MIGRATION DISTANCES

Table A.l. Pool-to-pool connectivity metrics with maximum migration distance = 170m

Landscape/Scenario
2005 - baseline

No.
Patches
(NP)

Change in
NP since
2005

Mean Patch
Area [ha]
(MN AR)

Change in
MN_AR
since 2005

36.09

74

2035-No Permit Zones
No open space

87

+13

24.75

-11.34

25% open space

81

+7

28.42

-7.67

50% open space

79

+5

30.74

-5.35

No open space

79

+5

30.48

-5.61

25% open space

77

+3

31.87

-4.22

50% open space

77

+3

32.74

-3.35

No open space

75

+1

35.36

-0.73

25% open space

74

0

35.41

-0.68

50% open space

74

0

35.53

-0.56

2035 - Protection of 50% of pools

2035 - Protection of all pools
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Table A.2. Pool-to-pool connectivity metrics with maximum migration distance = 680m
No.
Patches
(NP)

Change in
NP since
2005

Mean Patch
Area [ha]
(MN AR)

42

-

324.79

No open space

55

+13

202.86

-121.92

25% open space

48

+6

238.67

-86.12

50% open space

46

+4

254.24

-70.54

No open space

49

+7

235.17

-89.61

25% open space

47

+5

252.91

-71.88

50% open space

44

+2

276.43

-48.35

No open space

46

+4

253.93

-70.85

25% open space

47

+5

254.49

-70.29

50% open space

44

+2

275.45

-49.34

Landscape/Scenario
2005 - baseline

Change in
MN_AR
since 2005

2035 - No Permit Zones

2035 - Protection of 50% of pools

2035 - Protection of all pools
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APPENDIX B
SUMMARY OF POOL-TO-PFO CONNECTIVITY METRICS FOR DIFFERENT
MAXIMUM MIGRATION DISTANCES

Table B.l. Pool-to-PFO connectivity metrics with maximum migration distance = 170m

Landscape/Scenario
2005 - baseline

No.
Patches
(NP)

Change in
NP since
2005

Mean Patch
Area [ha]
(MNAR)

Change in
MN_AR
since 2005

34.69

22

2035-No Permit Zones
No open space

24

+2

24.36

•10.33

25% open space

24

+2

26.44

-8.25

50% open space

24

+2

29.17

-5.52

No open space

23

+1

29.93

-4.76

25% open space

22

0

32.79

-1.90

50% open space

22

0

34.16

-0.53

No open space

22

0

34.44

-0.25

25%o open space

22

0

34.00

-0.69

50%o open space

22

0

34.32

-0.37

2035 - Protection of 50% of pools

2035 - Protection of all pools
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Table B.2. Pool-to-PFO connectivity metrics with maximum migration distance = 680m

Landscape/Scenario
2005-baseline

No.
Patches
(NP)

Change in
NP since
2005

Mean Patch
Area [ha]
(MN AR)

Change in
MN_AR
since 2005

43

-

187.23

No open space

43

0

142.18

-45.05

25% open space

45

+2

138.61

-48.62

50% open space

48

+5

134.96

-52.27

No open space

44

+1

143.27

-43.96

25% open space

45

+2

145.83

-41.40

50% open space

46

+3

150.61

-36.62

No open space

43

0

146.00

-41.23

25% open space

44

+1

148.18

-39.05

50%) open space

48

+4

142.41

-44.82

2035 - No Permit Zones

2035 - Protection of 50% of pools

2035 - Protection of all pools
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APPENDIX C
SUMMARY OF CONNECTIVITY METRICS FOR SIMULATED VERNAL

Table C.l. Pool-to-pool connectivity metrics with maximum migration distance = 340m
for simulated vernal pool clusters18
No.
Patches
(NP)
2005 regular

141

2035 regular

141

2005 random

107

2035 random

114

2005 clus2

94

2035 clus2

100

2005 clus4

76

2035 clus4

86

2005 clus6

78

2035 clus6

87

2005 clus8

65

2035 clus8

77

2005 cluslO

56

2035 cluslO

73

Change in NP
since 2005

Mean Patch
Area [ha]
(MN AR)

Change in
MN_AR since
2005

68.24
0

58.02

-10.22

81.12
+7

62.53

-18.59

79.60
+6

62.65

-16.95

101.06
+10

75.19

-25.87

92.98
+9

69.21

-23.77

118.14
+12

84.52

-33.62

115.02
+17

71.70

-43.32

We created the clustered vernal pool simulations using the "rMatClust" function in R's Spatstat package.
This function simulates a Matern Cluster process model by generating a uniform Poisson point process of
"parent" points with intensity lambda. Each parent point is then replaced by a random cluster of points,
with the number of points in each cluster being drawn from a Poisson distribution and having mean mu.
We created the simulations by varying lambda and mu. For instance, to create the least clustered
distribution, "clus2", we set lambda equal to half of the actual vernal pool intensity and set mu equal to 2.
Thus we end up with approximately the same number of pools in each simulation as actually exist in the
study town. We created repeated simulations until the number of pools was within five of the actual
number of pools in Falmouth (n=143).
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Table C.2. Pool-to-PFO connectivity metrics with maximum migration distance = 340m
for simulated vernal pool clusters
No.
Patches
(NP)
2005 regular

80

2035 regular

75

2005 random

68

2035 random

51

2005 clus2

41

2035 clus2

40

2005 clus4

49

2035 clus4

44

2005 clus6

50

2035 clus6

46

2005 clus8

51

2035 clus8

40

2005 cluslO

33

2035 cluslO

31

Change in
NP since
2005

Mean Patch
Area [ha]
(MN AR)

Change in
MN_AR
since 2005

39.32
-5

33.72

-5.60

36.20
-17

40.12

3.92

62.04
-1

48.81

-13.23

67.12
-5

59.65

-7.47

54.90
-4

48.98

-5.92

66.36
-11

69.94

3.59

46.14
-2

32.97

138

-13.17

APPENDIX D
SUMMARY OF CLUSTER-TO-CLUSTER CONNECTIVITY METRICS FOR
DIFFERENT MAXIMUM DISPERSAL DISTANCES

Table D.l. Cluster-to-cluster connectivity metrics with maximum dispersal distance :
800m
No. Patches Change in
Mn. Patch
Change in
Landscape/Scenario
(NP)
NP since
Area [ha]
MN_AR
2005
(MN_AR) since 2005
2005 - baseline

403.41

40

2035 - No Permit Zones
No open space

49

+9

271.48

-131.93

25% open space

45

+5

304.28

-99.13

50% open space

43

+3

323.58

-79.84

No open space
25% open space

46

+6

297.17

-106.24

45

+5

313.73

-89.69

50% open space

42

+2

343.56

-59.86

No open space

43

+3

321.47

-81.94

25% open space

45

+5

314.95

-88.47

50% open space

42

+2

341.84

-61.57

2035 - Protection of 50% of pools

2035 - Protection of all pools
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Table D.2. Cluster-to-cluster connectivity metrics with maximum dispersal distance =
1600m
Landscape/Scenario
No. Patches Change in
Mn. Patch
Change in
NP
since
Area [ha]
MN_AR
(NP)
2005
(MN_AR)
since 2005
2005 - baseline

1302.03

24

2035 - No Permit Zones
No open space

30

+6

881.05

-420.98

25% open space

24

0

1154.45

-147.58

50% open space

25

+1

1130.32

-171.71

No open space
25%o open space

29

+5

931.70

-370.33

24

0

1175.96

-126.08

50%) open space

24

0

1211.55

-90.48

No open space

27

+3

1012.99

-289.04

25%o open space

24

0

1181.69

-120.34

50% open space

25

+1

1151.06

-150.97

2035 - Protection of 50% of pools

2035 - Protection of all pools
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APPENDIX E
CLUSTER-TO-CLUSTER CONNECTIVITY METRICS WITH MAXIMUM
DISPERSAL DISTANCE = 1200M FOR SIMULATED
VERNAL POOL CLUSTERS
Table E.l. Cluster-to-cluster connectivity metrics with maximum dispersal distance :
1200m for simulated vernal pool clusters
No.
Patches
(NP)
2005 regular

20

2035 regular

31

2005 random

21

2035 random

42

2005 clus2

32

2035 clus2

39

2005 clus4

24

2035 clus4

33

2005 clus6

11

2035 clus6

17

2005 clus8

16

2035 clus8

22

2005 cluslO

20

2035 cluslO

29

Change in
NP since
2005

Mean Patch
Area [ha]
(MN AR)

Change in
MN_AR
since 2005

2381.3778
11

1321.1293

-1060.2485

1901.9984
783.1937

21

-1118.8047

1071.7583
7

732.9269

-338.8314

1254.587
9

764.3773

-490.2097

2538.8612
6

1394.5144

-1144.3468

1705.7955
6

1072.3393

-633.4562

1063.3961
611.384

9

141

-452.0121

APPENDIX F
ALTERNATIVE WEIGHTS AND RESULTS FOR CONSERVATION
ZONING PRIORITIES

Table F. 1. Conservation Zoning priority weights used for sensitivity analysis
Conservation Zoning Priority

Weight

Priority #1

16

Priority #2

11

Priority #3

6

Priority #4

0.5 to 5

(depending on distance to existing open space)
Priority #5

4

Priority #6

3

Priority #7

2

Priority #8

1

Table F.2: Comparison of results for different Conservation Zoning weighting schemes
Landscape/Scenario
No. Patches
No. Patches
Mean Patch Mean Patch
(NP)
(NP)
Area [ha]
Area [ha]
(MN_AR)
(MN_AR)
(CZ1*)
(CZ2**)
(CZ1*)
(CZ2**)
25% open space, half of pools buffered
Pool-to-pool
Pool-to-PFO
Cluster-to-cluster

67
29
39

61
29
41

69.11
61.94
394.96

75.76
62.63
375.42

75
30
46

70
28
49

53.68
52.84
316.26

56.50
57.99
293.15

25% open space, no buffers
Pool-to-pool
Pool-to-PFO
Cluster-to-cluster

* CZ 1 refers to the original weights, which are integers from 1 to 8 for the lowest to
highest priorities.
** CZ 2 refers to the weights as defined in Table F.l above.
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APPENDIX G
SENSITIVITY ANALYSIS FOR POOL-TO-POOL PERMEABILITY

Table G.l. Metrics for permeability between vernal pools (max. migration = 170m)
Landscape/Scenario
No. Patches
Change in
Mean Patch
Change in
(NP)
NP since
Area [ha]
MN_AR
2005
(MN_AR)
since 2005
—
—
2005 - baseline
74
36.09
No vernal pool buffers
Cluster Zoning
25% open space

101

+27

13.78

-22.31

50% open space

91

+17

20.82

-15.27

70%o open space

90

+16

22.92

-13.17

25% open space

82

+8

24.70

-11.39

50% open space

74

+0

31.58

-4.51

70%o open space

81

+7

26.91

-9.18

25%) open space

86

+12

21.94

-14.15

50%) open space

84

+10

26.16

-9.93

70%) open space

83

+9

28.08

-8.01

78

+4

29.90

-6.19

75

+1

33.55

-2.54

76

+2

32.14

-3.95

Conservation Zoning

Half of vernal pools
buffered
Cluster Zoning

Conservation Zoning
25% open space
50% open space
70% open space
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Table G.2. Metrics for permeability between vernal pools (max. migration = 680m)
Landscape/Scenario
No. Patches
Change in
Mean Patch
Change in
(NP)
NP since
Area [ha]
MN_AR
2005
(MN AR)
since 2005
2005 - baseline
42
324.79
No vernal pool buffers
Cluster Zoning
25% open space

67

+25

90.67

-234.12

50% open space

52

+10

167.90

-156.89

70% open space

48

+6

208.71

-116.08

25% open space

64

+22

126.96

-197.83

50% open space

48

+6

209.57

-115.22

70% open space

49

+7

211.27

-113.52

25% open space

65

+23

106.92

-217.87

50% open space

50

+8

184.52

-140.27

70%o open space

46

+4

225.54

-99.25

54

+12

165.63

-159.16

51

+9

209.48

-115.31

48

+6

222.06

-102.73

Conservation Zoning

Half of vernal pools
buffered
Cluster Zoning

Conservation Zoning
25% open space
50% open space
70% open space
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APPENDIX H
SENSITIVITY ANALYSIS FOR PERMEABILITY BETWEEN VERNAL POOLS
AND FORESTED WETLANDS

Table H.l. Metrics for pool-to-PFO permeability (max. migration = 170m)
Landscape/Scenario
No. Patches
Change in
Mean Patch
(NP)
NP since
Area [ha]
2005
(MNAR)
—
2005 - baseline
22
34.69

Change in
MN_AR
since 2005
—

No vernal pool buffers
Cluster Zoning
25% open space

24

+2

19.87

-14.82

50% open space

27

+5

21.12

-13.57

70% open space

24

+2

26.33

-8.36

25% open space

23

+1

27.99

-6.70

50% open space

21

-1

33.49

-1.20

70%) open space

22

+0

27.47

-7.22

25% open space

23

+1

27.12

-7.57

50%> open space

23

+1

28.99

-5.70

70%) open space

23

+1

29.89

-4.80

23

+1

30.69

-4.00

23

+1

31.61

-3.08

22

+0

31.05

-3.64

Conservation Zoning

Half of vernal pools
buffered
Cluster Zoning

Conservation Zoning
25%o open space
50%o open space
70% open space
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Table H.2. Metrics for pool-to-PFO permeability (max. migration = 680m)
No. Patches
(NP)

Change in
NP since
2005

43

25% open space

Change in
MNAR
since 2005

—

Mean Patch
Area [ha]
(MN_AR)
187.23

35

-8

90.54

-96.69

50% open space

35

-8

137.85

-49.38

70% open space

45

+2

110.73

-76.50

25% open space

35

-8

119.72

-67.51

50% open space

36

-7

155.06

-32.17

70% open space

41

-2

137.14

-50.10

25%o open space

31

-12

115.44

-71.79

50% open space

38

-5

132.01

-55.22

70% open space

35

-8

163.44

-23.79

34

-9

137.58

-49.65

42

-1

139.16

-48.07

40

-3

146.08

-41.15

Landscape/Scenario

2005 - baseline

—

No vernal pool buffers
Cluster Zoning

Conservation Zoning

Half of vernal pools
buffered
Cluster Zoning

Conservation Zoning
25% open space
50% open space
70% open space
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APPENDIX I
SENSITIVITY ANALYSIS FOR PERMEABILITY BETWEEN
CLUSTERS OF VERNAL POOLS
Table I.l. Metrics for cluster-to-cluster permeability (max. dispersal = 600m)
Mean Patch
Landscape/Scenario
No. Patches
Change in
(NP)
Area [ha]
NP since
2005
(MN AR)
—
271.57
2005 - baseline
44

Change in
MN_AR
since 2005
—

No vernal pool buffers
Cluster Zoning
25% open space

71

+27

74.81

-196.77

50% open space

57

+13

133.46

-138.11

70% open space

52

+8

168.34

-103.24

25%> open space

68

+14

105.53

-166.04

50% open space

51

+7

174.81

-96.76

70% open space

53

+9

172.06

-99.52

25%) open space

69

+25

88.79

-182.79

50% open space

55

+11

146.92

-124.66

70% open space

50

+6

182.08

-89.49

57

+13

139.79

-131.78

53

+9

178.91

-92.67

51

+7

185.34

-86.23

Conservation Zoning

Half of vernal pools
buffered
Cluster Zoning

Conservation Zoning
25% open space
50% open space
70% open space
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Table 1.2. Metrics for cluster-to-cluster permeability (max. dispersal = 2400m)
Landscape/Scenario
No. Patches
Change in
Mean Patch
(NP)
NP since
Area [ha]
2005
(MN AR)
—
2005 - baseline
18
2386.06

Change in
MNAR
since 2005
—

No vernal pool buffers
Cluster Zoning
25% open space

24

+6

1063.29

-1322.77

50% open space

22

+4

1477.23

-908.83

70% open space

19

+1

1863.68

-522.38

25% open space

21

+3

1443.46

-942.60

50%> open space

19

+1

1882.48

-503.58

70% open space

20

+2

1806.69

-579.37

25% open space

24

+6

1101.07

-1284.99

50% open space

21

+3

1571.47

-814.59

70%) open space

19

+1

1884.73

-501.33

21

+3

1461.35

-924.71

20

+2

1806.58

-579.47

20

+2

1801.56

-584.49

Conservation Zoning

Half of vernal pools
buffered
Cluster Zoning

Conservation Zoning
25% open space
50% open space
70%) open space
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